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PREFACE. 


(To be read by the student as well as the teacher.) 


THE purpose of this book is to furnish a text which is 
sufficiently short and easy to be mastered by the student of 
civil engineering in a single college term, but which shall give 
him a sufficiently exact and extensive knowledge of geodetic 
astronomy to serve as a basis for practice in that line after 
graduation. Though the book has been prepared primarily 
for students, the author has endeavored to insert such sub- 
ject-matter, tables, and convenient formule as would make 
it of value as a manual for the engineer making astronomical 
observations. In order to make the book sufficiently short it 
has been necessary to omit all mathematical processes except 
those actually necessary for developing the working formule. 
And as the object of the work is to teach a certain limited. 
branch of astronomy, rather than to teach mathematics, the 
simpler and special means of deriving the working formule 
have been. chosen, in every case in which there was a chance 
for choice, instead of the more difficult and general derivation 
that would naturally be chosen by the mathematician. 

The occasion for the book is the fact that in the course of 
study prescribed for students of civil engineering at Cornell 
University but five hours per week for one term can be 
devoted to the text-book work and lectures on astronomy. 
Under these conditions it is out of the question to use 


Chauvenet’s standard work. Even Doolittle’s Practical 
iil 
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Astronomy contains more mathematics than a student can be 
expected to master thoroughly in that period. Of various 
other text-books available none seem to fit the special condi- 
tions. 

In the wording of the book it is tacitly assumed that the 
observer is in the northern hemisphere. To make the word- 
ing general would require too many circumlocutions. 

It is assumed that the student has a knowledge of least 
squares. If, however, he has not such knowledge, it will not 
debar him from following nearly every part of the text except 
§§ 107-113, dealing with the treatment of transit time obser- 
vations by least squares, and §§ 154-157, giving the process 
of combining the results for latitude with a zenith telescope 
by that method. If he reads carefully §§ 283-285, stating 
the technical meaning of the phrase “‘ probable error,’’ the 
statement of the uncertainty of a given observation in terms 
of the probable error, or the statement of the errors to be ex- 
pected from certain sources in such terms, should convey to 
him a definite meaning. 

Considerable space has been devoted in the text to a dis- 
cussion of the various sources of error in each kind of obser- 
vation treated. Two separate considerations seem to the 
author to justify this. One is that the special value of 
geodetic astronomy asa part of the course of training of an 
engineer depends largely upon the fact that in studying it 
he is brought face to face with the idea that instruments are 
fallible, and that therefore their indications must be carefully 
scrutinized and interpreted; and that if the best results are 
to be secured from them, the sources of the various minute 
errors which combined constitute the errors of observation 
must be carefully studied. The other consideration is that 
an observer’s success in securing accurate results with 
moderate effort depends to a considerable extent upon his 
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power to estimate rightly the re/ative importance of the 
various errors affecting his final result. 

The accuracy of a man’s thoughts, as well as of his speech, 
when dealing with a given subject depends largely upon the 
precision of his understanding of the special vocabulary of 
that subject. With that idea in view the finder list of 
definitions given in § 312 has been prepared. The student 
who is not sure of the exact meaning of a word may turn to 
this list and so find the exact definition quickly. In reading 
definitions the context should also be read. When a word is 
defined in the text it is printed in italics. 

The effort has been made to select the formule which have 
been found in practice to lead to accurate and rapid computa- 
tions. They have been gathered at the end of the volume 
for convenient reference, and adjacent to each formula will be 
found references to the corresponding portion of the text, so 
that for those who may use the book as a manual the list of 
formule with these references may serve as an index or finder 
for the text. 

In the five principal chapters the instrument has first been 
described, and the adjustments given, as well as directions for 
observing, and an example of the record. The derivation of 
the formule, the computation, etc., follow. If the text-book 
work and the practical work of the observatory are carried on 
together during the same term one naturally wishes the 
students to become familiar with the instruments and their 
manipulation as soon as possible. In that case it is recom- 
mended that the first portions only of certain chapters be 
taken and the later portions omitted temporarily. The fol- 
lowing order may then be used: §§ 1-27, 37, 51-63, 83-91, 
134-146, 177-187, 201-203, 205 to middle of 210, 273-276, 
28-50, 64-82, 92-133, 147-176, 188-272, 277 to the end. 

During the preparation of this volume the text-books on 
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astronomy written by Chauvenet, Doolittle and Loomis have 
been freely consulted, as well as various reports of the Coast 
and Geodetic Survey, of the Northern Boundary Survey, of 
the U. S. Lake Survey, and the report of the Mexican 
Boundary Survey of 1892-93. Appendix No. 14 to the 
Coast Survey Report for 1880, which is written by Assistant 
C. A. Schott and is used as a manual by the officers of that 
survey, has been extensively drawn upon as the best exposi- 
tion of good field methods known to the author. Several 
tables have been taken from that source, notably the table of 
factors for the reduction of transit time observations given in 
§ 299. The Superintendent of the Coast Survey has very 
kindly furnished certain data, and photographs of instru- 
ments. 


JOHN F. HAYFORD. 
WasuinctTon, D. C., April 23, 1898. 


CONTENTS. 


CHAPTER PAGE 
DEG INTRODUCTOR Vite elo slororccielelercletetaloia'e oiclele' aie eleieisic\clelelelofeisiete areveleretelsien maT 
AIP PALE ME NIOCLONS arate terelctoletajelo Vern !s/efeis/aieteleleleie’alsietlele stele eleteteteteieiccsroammneT 
Semis att Li ererverVsrelateletetatolelsleielolel-is/aicielelelnpiciole/eleie/els eleteisialere’s'sisle(cre smn 
IECESSIONGANG UNRUCAUION stejofolelsielsls/oroiclslale elelsie!slehelelole clsisi o's sieht mS 
Planectsmoate ll ites Sta tir. ters ciclelnicuere ofa sieleteieeieleis) clare ce evete simietercis mann) 
DitarmalWVrotion ere eretteerleletelers sere) ich olsisisiciets| susie ici sicisielelciolseietore aman 

| DX NIICNS 65 odosondshocahddon campo adogoatdabuodecAAaADOUnOS  9@) 
IDM dAgnchaddsns as Sen gde Sadesiipa on sacondooDnoGonddscsneieda ste 
Muestionsiandeksxam ples sistorelsiciejelaiclelelel-is olsleleieleloleieleiete ele ols tele) eoumn 277 

II, CoMpuTATION OF RIGHT ASCENSION AND DECLINATION........ 30 
OSsitionsoteounlan dul lanetsnrerseirerstelletelsleieletoleielaiete) oil steierste seve) 3 
Arie LPOLAtiomarteserielels etelsleereisteeteloletelslolostolot setale stein sietetst svelte ial etme 
EGSitlO MEO fel OOM erelele aicipterarciolelafe lees /ofele|slolere ele elclelsheleletaielsin’ ete .c)sie¥e 39 
OSitiontOlsStas sas selniele/clalelelo's's<ielololcfciale sie/sialeioiels ole slelslole etoile cictonn 3) 
PNDELELAUOMcrtettoiel iter sterelctelcierevelstolercielsferetstalelclelaletetelelcleisietelstersietcts times 
Meanie ela cesigeslslete ciateieicrferuetens oiefeleiaietcleleielsielelatersictovete(sieleretsl sista ened 
PALO PE LBNL OLION wrerts) oterevecier tole clelatelsv as! olela/oolors.e1e(oreres slotepoieleleieleteleresciomnr a © 
Computation of Apparent Places..... sieyarerajeVeyern alee siclelatchelotetstetomees O 
Ouestionsiand) Exam ples crore lees o/-/ she lele's cle)sic'ele.s\eleisicisio o/ejeislas estan 5 

TTT ER OE EAIN Taferer ot etal rel atele cterelolsfescleraterelel etefele a iereislsie ctelstanciniows s,oistt reams O 
DEScriptionvolsseXtanleaclemerieielelscieieis els) + cinleleiniein sVolelelolsitcler tema SO 
INGUIN oooes cg bb oddoconbocnUauOsoDoopuGCUSdooUoOods (OF 
Directions for Observing for Time...:.......sc0-cccccecsesss 05 
Record and Computations. 00. cevsc cree cesscscsevcccnccoees FI 
aria lb scierrtoeystetetel chars ies ereietel <isierelojolaieie/elelerelere) cele sieler sie eleletsteleicteceken a AS 
IRATE aan sopoUEN GoUUS CQDOOBH SUNS UO DOUSUsUONDOUMOGOOIOOG “UF 
Meriva tion len OL lacitteerverctrells ctelsteefole aie/s ofelelsiers’ ofatetsicts terete mae SO 
DiscussionOmELrorsm ct sills eelenilelcieleie clelelcleis slelosiecicisieielialels om O2 
ECCENELICIEY. occ cece vce eccccenccescccscccccscoceccceserss 88 
Other Uses of the Sextant.....ccssccccccssccesevescrevevess 90 


Questions and Examples........ssesseccscecccesccesecsesses O4 
j vii 


Vili CONTENTS. 


CHAPTER PAGE 
LVp DH CAST RONOMICAT Ml ANSI Tete clelelstelctelslo\sielsietelsic clelele stele’ ereic\cle.sis)ste OO 
Descriptions of (Transits. «<0 -sccw eres cee sees cieeissiedsesse OO 


Adjustments........: BoODbO TODD Soobuoo Dodoo nD OUabonSodnoodce) — GP 
Directions for Observing..... Metatersee poteeisitho arere eis oycis sche pict eaeeLOS 
The Chronograph.......... Malereuslsierctehe el cteieteualstelelelaietel ialeiehectet-temn LON 
Record and Computation..... pod 0KdbabocgduogDOUcuséooudo0[D IF 
Reduction) tes MeansLin ene recs rice 4 iieiere Md Aotearoa eer OO 
inclinations Corrections. etl GOGO BGS pecbdocdansec onc ont II2 
Correction for Diurnal Aberration..............+ Ae PaO 116 
Azimuth, Collimation, and Rate Corrections.........117, 118, 119 
Computation Without Least Squares............e.------: S06 AO 
east Squares Computationprrttertareerieter sits soooveDSsuaodnoGoo Ae 
Unequal Weights..... pnCodddooUd IC 7O0000K Soupanshoecosbascd Ug} 
Aixiliany ObDSenvatiOnSenr: titer spor doenboounoahobenoeus TS! 
Vailitevotebives ev eliverctisrtite ScouSDoDDUGOGoOCGnL gece dnoscoaonne LEE 
DiSEUSSLOMOfssTrOLGimele ce cieiete eiciere stoisielehsaievoleistereretehetete ere tatorsrer tani 4O> 
Miscellaneous....... ekelelisiesishetats AGabSCooSoO Cano ono GasaECCeCOod ial 
Ouestionsiand Hxamplesir smierorcleleletel as clare) srl Keobope sagonodad IWC 
V. Tue ZENITH TELESCOPE AND THE DETERMINATION OF LATITUDE. I50 
Description on Zemibhieielescopemceiecri ec recnre ghacomobuodagoc isi 
Adjustments....... pdchoovodoood eeletenere cherelerenctere erersteleretole anboow UBS 
ODS Sr Vi MOMS Uererererstensteiereoheers sroiaColelehetetelenetererercrie SOsUDbbOS O06 OK 156 


DinectionsmorlObSseiioirnt-nmerectteorettiekeeleictelsistelelarterale ett at el me OO) 
Denivationsot eh ormulaetrtererltiereltcrst ciel -taversorselerereictersteoteteters see LOS 


(CoajonuMntA@ysn coogoccgocnnor sd6t daDkodC sdbacongéagucKOCsoGoSs HOG 
Combina tloneo tees ltserretekeeyercrtetsrrtr tes ooponooonaunocoDcee WOE 
NM Gromete te Viale emer dtelerteletlstet- SanonabcacsandboU dankouéoo0s TEV 
Discussion ofp crore toreteicistonais ces GudccudcooGcadss “Si 
OtherMethodsiot Determining eLatituder. i ecieieisie cele deste Lory 
Questions and Examples........... soosGgocobase sesieecscess as LOF 
VISSAZIMUDH coe ccclerses atsrenieetor sforerckeh fotelekersisie <is/eleleioele terse eee aeLOH; 
Descniptionsofelnstnuime citeatey reenter acer crn Ween LO 
Adj WS taventsis ccm ee rertciecteere reiatere cto yece cee aero ct oe 200 
Directions for Observing with Direction Instrument......... 201 
Record—Direction Instruments-4- a. -eeres a sve aceesre hand AOS 
Wher GirclesRea din cheers tnt aerate te ieryctehs ete lners peter els Nodoore 400) 
Pevieli Correction terri trtt ov AbiagOSC sopnHoadenouaad SA ca YXOl) 
Azimuth: Form uUlamec eee etetir ee ee eee are neers eens ate Pict 
Curvature: Correctionemen es teenie yes Sudccaod GoDHoG od noe Pie 


Gorrection for DitrnaleAberratlonrementsesericiecn eiciieeta mre O 
Computation—Direction Instrument..........0...00+ ceeeee seo 218 
Method of Repetitions....... iatsieleisleletalerele] ole siels\s\eistelVole/afaiererei stain 2 20: 


CONTENTS. 1x 
CHAPTER PAGE 
WicrometricnMiethiod!aacti fecsmaterecics crs SDuOO DOCH Ona eS bone 223 
DISEWSSION Ole ET KOLS ie ayy afeleurys cis'</e(eloieveseisislers 6 siete SHOROIOPDOOOS D 230 
Othemlistramentsrande Net nods. amtWyststels|-\sis1-)oterslete/eitelhel cle eels) 233 
Omestionsrand aa xami plese citar ioctl ater siniels sehr sielis'el sisielinvers acres 238 
Waleae WONGTCUD Err citstigt tractor tte tdltine cor chen arate sialStens orate piped OOS ac 241 
Telegraphic Method—Apparatus and Observations........... 242 
MelesraphicsMethod—Computation® «= =jtaleral =) s/s <leieieieiel- te 244 
Telegraphic Method—Discussion of Errors and Personal 
IDaIMENAKO Ns 604 oo cbo.0 B00 00s Meee Oot rere IER cree 248 
Longitude by Transportation of Chronometers............... 253 
Obsenvations mpomtherMloomeec serie sea tele lalie/olotsicheieiele seers 262 
Observations upon Jupiter’s Satellites......... Pechs HO CROC 267 
NAL Teme VIDS © IIBACNIE OU Searayer svat stseceerE oy Secret -tahasar fobs iar cgeve Newel sbemerafetars creas Mesa 268 
SUP Pestions avout, ObSErViMP elec eieie elle lek el-iele Syslshetele cuetsler sie 268 
SUMPESHON SEA DOUTIGOMPUtlINe relcelaieie telchelelelaislelokeltelete elsteteienstonels 270 
IProbapler ErrorGitecten amiecissseace cise ave isieioetel s Creus shale eiclaensetnter avs 272 
Wanatlonvotm le atitudemenrrnccntctt sler is olrsichiecreiiteitsteitete stool 274 
I Drerevavexooh sy Gui (OloserAyhavers 5 oe soqudcucsoodc0cgsoocddanodoncodnc 276 
TUM SG od cn og 06-0000 boo abens ouncaoigoome bcd nedoncosboocgo06e Necisere 279 
NOTATION AND PRINCIPAL WORKING FORMULA...ccese ee eee cree Soa Ses) 
EISDRORM DLE TNUDIONS vchtertisteiielocsts/--¥eie° SQvdobas00 00066 Spesqononocses Syke 
LBSIDID Oa bas Hoe COMO OUn OOo Or aso nowoosa dae wie @ ej slelelciels' ele wlslerciereiee 345 


I EGUIRIEG eteteteienelstelSetetsracleiatcioletelin cieisler<)= ctalelcleroleisieeleleleleielsiale elslelelelolela/elafeletnnrS 52 


At sia 
mace 
VY mas my 


GEODETIC ASTRONOMY. 


CE ie D. 
INTRODUCTORY. 


1. TuIs book is limited to the treatment of astronomy as 
applied to surveying, or to what might be called geodetic 
astronomy. Only such matters are treated as are pertinent 
to this particular limited branch of the subject. Moreover, 
the subject as thus limited is treated from the point of view 
of the engineer who wishes to obtain definite results, rather 
than from that of a mathematician more interested in the 
processes concerned than in their final outcome. 

2. The bodies considered by the engineer in geodetic 
astronomy are the stars; the Sun; the planets, including the 
Earth; the Moon, the Earth’s satellite; and to a very limited 
extent some of the satellites of the other planets. The 
engineer from his standpoint upon the surface of the Earth 
sees these different bodies moving about within the range of 
his vision, —aided by a telescope if necessary. Their apparent 
motions in the sky as seen by him are quite complicated. 
His success in locating and orienting himself upon the Earth 
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by observations upon these heavenly bodies—for that is his 
particular purpose in observing them—depends first of all 
upon his having a clear and accurate conception of their 
apparent motions, and then upon his possession of, and 
ability to use efficiently, the instruments with which the 
observations are made. Much of the complexity in the 
apparent movements of these heavenly bodies is due to the 
fact that the observer sees them not from a fixed station in 
space, but from a standpoint upon one of the planets,—the 
Earth, which is moving rapidly through space with a motion 
which is in itself quite complicated. He sees then in the 
apparent motion of each heavenly body upon which he gazes 
not only the actual motion of that body, but also, reflected 
back upon him, so to speak, he sees the actual motion of the 
seemingly solid and immovable earth upon which he stands. 
He is like a passenger upon a train at night who looks out 
upon the many lights of a town. He sees the lights all 
apparently in motion. In one case the apparent motion of the 
particular light may be entirely due to his own motion with the 
train upon which he is riding, the light itself being at rest. 
In another case the light may be upon another moving train 
and its apparent motion will then be due to the actual motion 
of each of the trains. If the darkness is sufficient to conceal 
the landscape, he may be at a loss to determine what portions 
of the apparent motions of the lights are due to his own 
change of position and what to the motions of the lights 
themselves. He is then in the position of a man when he 
first begins to study the apparent movements of the heavenly 
bodies. 

Let us first form concrete conceptions as to the actual 
motion of each of the bodies under consideration, including 
the Earth itself. We will then be in a position to understand 
the apparent motions. 


§ 4. THE EARTH. 3 


8. Conceive the Sun to be a very large self-luminous mass 
of matter. For the present let it be supposed to be fixed in 
space. Around this central Sun revolve eight planets, 
namely, in order of their distance from the Sun, Mercury, 
Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune. 
All these planets move nearly, but not exactly, in the same 
plane passing through the Sun. The orbit, or path, of any 
one of them in its own orbital plane is very nearly a perfect 
ellipse with one focus at the Sun, and the velocity with which 
the planet moves varies at different parts of its orbit in such 
a way that the line joining the planet and Sun describes equal 
areas in equal times. This orbit and law of velocity result 
from the fact that each planet is pursuing its path in obedi- 
ence to a single force, gravity, continually directed toward a 
fixed center, the Sun. 

4. The Earth may be taken as a representative planet. 
It is the most important of the planets for our present purpose. 
It moves about the Sun in an elliptical orbit at a mean dis- 
tance from the Sun, in round numbers, of g2 800000 miles.* 
Though the orbit is an ellipse, its major and minor axes are 
so nearly equal that if it were plotted to scale the unaided 
eye could not distinguish it froma circle. The greatest dis- 
tance of the Earth from the Sun exceeds the least distance by 
but little more than 3¢. The Sun isin that focus of the 
ellipse to which the Earth is nearest during the winter (of the 
northern hemisphere). The eccentricity of the ellipse, and 
therefore the difference of the two axes, is very slowly 
decreasing. The plane of the Earth’s orbit is not absolutely 
fixed in direction in space. It changes with exceeding slow- 
ness—so slowly, in fact, that it is used as one of the 
astronomical reference planes. Moreover, the position of the 


* See ‘‘ The Solar Parallax and its Related Constants,” Harkness, p. 140. 
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elliptical orbit in the plane is slowly changing; that is, one 
focus necessarily remains at the Sun, but the direction of the 
major axis of the ellipse gradually changes. 

Roughly speaking, the Earth makes one complete circuit 
of its orbit in the period of time which is ordinarily called one 
year. At different portions of the orbit its linear velocity 
varies according to the law (common to all the planets) that 
the line joining it and the Sun describes equal areas in equal 
times. Each portion of the nearly circular path being almost 
perpendicular to the line joining the Earth and Sun at that 
instant, the linear velocity is nearly inversely proportional to 
the distance of the Earth from the Sun. Evidently the angular 
velocity varies still more largely than the linear, since the 
greatest linear velocity comes at the same time as the least 
distance from the Sun, and vice versa. 

At the same time that the Earth, as a whole, is swinging 
along in its orbit it is rotating uniformly about one of its own 
diameters as an axis.* This rotation is so nearly uniform in 
rate that it is assumed to be exactly uniform and is used to 
furnish our standard of time. Roughly speaking, the interval 
of time required for one rotation of the Earth on its axis is 
what is called one day. The more exact statement will be 
made later. 

5. The axis of rotation of the Earth points at present 
nearly to the star called Polaris, or North Star, and makes an 
angle of about 66$° with the plane of the Earth’s orbit, or 
233° with the perpendicular to that plane. The direction of 
this axis of rotation is not fixed in space, but changes just as 


* The diameter about which the rotation takes place is, however, not 
strictly fixed with respect to the Earth,—is not, in other words, always the 
same diameter,—but varies through a range of a few feet only on the sur- 
face of the Earth. See $$ 286-7. For present purposes, however, it will be 
considered as fixed. 


§ 5. PRECESSION AND NUTATION. 5 


the axis of a rapidly spinning top is seen to wabble about. 
This change is quite slow, but extends through a large range 
of motion. It is compounded of two motions called respec- 
tively precesston and nutation. By virtue of the motion called 
precession the axis of the earth tends to remain at an angle of 
about 234° with the perpendicular to the plane of the Earth’s 
orbit (usually known as the plane of the ecliptic), and to 
revolve completely around it, describing a cone of two nappes 
with an angle of about 47° (twice 234°) between opposite 
elements. The time required to make one such complete 
revolution is, at the present rate, about 26000 years.* The 
motion of the Earth’s axis called u¢atzon is compounded of 
several periodic motions, the principal one of which is such 
as to cause the axis to describe a cone of which the right sec- 
tion is an ellipse, and of which the greatest angle between 
opposite elements is about eighteen seconds of arc and the 
least about fourteen.t 


* The change of seasons is caused by the inclination of the Earth’s axis 
to the plane of its orbit. At present the northern end of the axis is in- 
clined directly away from the Sun at about Dec. 21st; the Sun then appears 
to be farther south than at any other time, and it is winter in the northern 
and summer in the southern hemisphere. At about June 20th the reverse 
is true, namely, it is summer in the northern and winter in the southern 
hemisphere. On account of the precession the winter of the northern 
hemisphere will occur in June, July, and August about 13000 years hence. 

+ All the various motions of the planets and their satellites—the 
peculiar mathematical properties of their orbits, the variability of the 
planes of the orbits and of the orbits in the planes, etc.—are by celestial 
mechanics shown to be due simply to the action of gravitation. Or, stating 
the matter from the converse point of view, given these various bodies in 
their actual positions and having their actual motions at a given instant, 
and given the law that gravitation acts between each pair of them with an 
intensity inversely proportional to the square of their distance apart and 
directly proportional to the product of the two masses, the position and 
motion of each one of them, their orbits, etc., at any other stated time may 
be computed from the principles of celestial mechanics alone. Even the 
precession and nutation are caused by gravitation and are thoroughly 


or 
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6. The Earth was taken as representative of the planets. 
Most or all of the various phenomena which have been indi- 
cated in the motion of the Earth are repeated in each of the 
other planets. Each has an orbital plane of its own which is - 
slightly variable and does not in any case at present make an 
angle of more than about 7° with the plane of the Earth’s 
orbit. Each moves in that plane in an ellipse of which the 
eccentricity and position are slowly changing. Each has a 
rotation about its own axis,—with which, however, the en- 
gineer is not concerned. 

The Moon is a satellite of the Earth, revolving about it 
under the action of gravity just as the Earth revolves about 
the Sun, and in its orbit are again found the same peculiarities 
as in the orbit of the Earth itself. The orbit of the Moon is 
an ellipse of variable eccentricity and position, with the Earth 
in one focus, and lying in a variable plane making an angle of 
about 5° with the plane of the Earth’s orbit. The several 
variations mentioned are much greater in the case of the 
Moon than of the Earth, and the motion, moreover, is subject 
to other perturbations. Its motion is therefore a most diffi- 
cult one to compute. 

Each one of the other planets, except Mercury and 


accounted for by principles of celestial mechanics derived from the above 
law of gravitation. The luni-solar precession is due to the fact that the 
Earth is not a sphere, but a spheroid, having an excess of matter in the 
equatorial regions. One component of the attraction of the Moon and Sun 
acting upon this equatorial excess tends continually to shift the position 
of the equator in one direction without changing its angle with the eclip- 
tic. The action of the planets upon the Earth as a whole tends to draw it 
out of the plane of its orbit, or rather to change the orbital plane. This 
change is called the planetary precession. The luni-solar and planetary 
precessions together constitute what is often called simply the precession. 
Nutation is made up of periodic motions which are due to regular periodic 
fluctuations in the forces which produce precession. Nutation might be 
described as the periodic part of precession 


§ 7. Team STARS vf 


Venus, has one or more satellites bearing the same relations 
to it that the Moon does to the Earth. 

The comparatively erratic motions of the numerous 
asteroids, or small planets, moving in orbits between that of 
Mars and Jupiter, and of the comets and meteors which 
occasionally visit the solar system, prevent their use by the 
engineer.* 

The Sun, the eight planets and their satellites, and the 
asteroids together constitute the solar system. 

7. The stars are self-luminous bodies at great distances 
from the solar system. Their remoteness is to a certain 
extent indicated by the fact that with the best telescopes and 
with the highest magnifying powers at present available the 
image of a star cannot be magnified. It remains with all 
powers and telescopes a point of light of which the apparent 
size is merely a measure of the imperfection of the telescope 
andeye. But the best evidence of the immense distance even 
to the nearest of the fixed stars is the fact that even though 
the diameter of the Earth’s orbit, 186 million miles, be taken 
as the base of a triangle of which the vertex is at the star, it 
is only with the greatest difficulty, if at all, that the angle at 
the star can be detected even though the instruments used be 
of the highest order of accuracy and a long series of observa- 
tions are used. In the few cases in which this angle at the 
star has been successfully measured it has been found to be 
not greater than one second of arc. For the purposes of the 
engineer, then, it may be assumed that each and every star is 
at so great a distance from the Earth that the true direction 
in space of the straight line from the Earth to the star is the 
same at all times of the year notwithstanding the widely 
separated positions the Earth may occupy in its orbit. 


* For an interesting treatment of comets, meteors, and asteroids, see 
Young’s General) Astronomy, and Chamber’s Astronomy, pp. 104-109, 
278-430, 780-816. 
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If the stars had no motion relative to each other or to the 
solar system as a whole, the true direction of the line from 
the Earth to any one star would not vary from year to year. 
As a matter of observation, however, it is known that in 
general the true direction of such a line does change, although 
the change is exceedingly slow in every case. This change 
will be treated more in detail in a later chapter. 

The apparent motion of any particular heavenly body as 
seen by an observer upon the Earth is the compound result 
of the motion of the Earth and of that body. 

8. In the case of a star, the object observed is for most 
purposes at what may be considered an infinite distance. 
The line joining the observer and star preserves, therefore, a 
sensibly constant direction in spite of the motion through 
space of the observer upon the Earth. The apparent motion 
of the star is caused by the rotation of the Earth about its 
axis and the change in the direction of that axis in space. 
The rotation of the Earth causes the line of sight to a star to 
seem to describe at a uniform rate a right circular cone, of 
which the axis is the line joining the observer with a point in 
the sky at an infinite distance in the axis of the Earth pro- 
duced. In other words, the axis of the cone is a line from 
the observer parallel to the axis of the Earth. Such a line, 
for any point in the northern hemisphere, pierces the sky in 
a point not far from the North Star, Polaris. The angle 
between any element of the cone and its axis is the angle 
between the line joining observer to star, and the axis of the 
Earth. This angle is called the polar distance of the star,— 
north polar distance if measured from the north end of the 
Earth’s axis. So long as these two lines are fixed in direction 
in space, the line of sight to the star continues to describe 
the same right circular cone once for every turn which the 
Earth makes on its axis. For example, the line of sight to 
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Polaris makes an angle of about 14° with the axis of the Earth, 
and describes a corresponding right circular cone. Or it may 
be said that Polaris seems to describe a circle in the sky of 
which the radius subtends an angle at the eye of 14°. With 
a good telescope Polaris may be followed completely around 
the circle, all of which would be above the horizon for any 
point in the United States. With the naked eye only that 
portion of the apparent motion which occurs during the 
hours of darkness could be observed. For an observer at 
Ithaca, in latitude 42$°, the cone for a star having a north 
polar distance less than 424° is entirely above the horizon. 
Given one view of the star and an idea of the position of the 
vanishing point of the Earth’s axis in the sky, an observer 
is able to trace out the whole apparent path of the star. For 
Ithaca, a star of north polar distance of 423° has its cone 
tangent to the horizon; and if greater than that value, a part 
of the cone must be below the horizon, and the star is neces- 
sarily invisible on that portion. If the north polar distance 
is go°, the cone becomes a plane. Stars still farther south 
describe a right circular cone about the southern portion of 
the Earth’s axis produced, the angle of the cone being the 
south polar distance of the star. 3 

In every case the diurnal rotation of the Earth causes the 
line of sight to a star to describe a right circular cone. But, 
as has already been stated (§ 5), the direction of the Earth’s 
axis is continually changing slowly, and hence the north polar 
distance or angle between the Earth’s axis and the line join- 
ing the observer and star is continually changing. The cone 
of revolution therefore slowly changes from day to day. 

If the object observed is not astar at a practically infinite 
-distance, but a planet, the Moon, or the Sun, at a finite dis- 
tance, the line joining observer to object describes a surface 
any small portion of which may be considered to be a portion 
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of the surface of a right circular cone. But the north polar 
distance of the object now continually changes, not only on 
account of the change in the direction of the Earth’s axis, but 
still more largely on account of the change in the true direc- 
tion of the line joining observer and object,—two points 
which are at a finite distance from each other and both in 
motion. This last cause also makes the vate at which the 
surface is described variable. 

9. The two principal reference planes of astronomy are 
the plane of the equator and the plane of the Earth’s orbit, 
or, as it is generally called, the plane of ecliptic. The plane 
of the equator is a plane passing through the center of the 
Earth and perpendicular to its axis of rotation. Neither of 
these two planes, from what has already been written, are 
fixed in space, nor fixed relatively to each other. Their 
changes of position are, however, very slow. 

10. To avoid the necessity of using cumbersome expres- 
sions and circumlocutions, it is convenient to make use of the 
celestial sphere as an arbitrary conception. The celestial sphere 
is a sphere of infinite radius, the eye of the observer being 
supposed to be at its center. Any celestial object is consid- 
ered to be projected along the line of sight to the surface of 
this sphere and is referred to as occupying that position upon 
the sphere. Then for convenience one may speak of arcs, 
angles, and triangles upon the celestial sphere instead of using 
the complicated expressions necessary in speaking always of 
the actual lines and planes which are under consideration. 
The sphere is assumed to be of infinite radius so that lines 
which are parallel and at a finite distance apart will intersect 
the sphere in the same point, or at least what is sensibly one 
point, since two points at a finite distance apart must appear 
as one when seen from an infinite distance. So also parallel 
planes which are at a finite distance apart intersect the 
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celestial sphere in the same arc. For example, the axis of 
the Earth anda line parallel to it through the eye of the 
observer both intersect the celestial sphere in the same pair 
of points called the poles of the equator, or more briefly the 
foles,—north and south respectively. Also the plane of the 
equator, and a plane parallel to it through the eye of the 
observer, intersect the celestial sphere in the same great circle 
which is called the equator of the celestial sphere, or more fre- 
quently simply ¢he equator. 

11. The equator, the ecliptic, hour-circles, and the horizon 
are all great circles of the celestial sphere formed by the 
intersection of various planes with that sphere. 

The ecliptic is the intersection of the plane of the ecliptic, 
or, in other words, the plane of the Earth’s orbit, with the 
celestial sphere. The Sun, therefore, is always seen pro- 
jected on some point of the ecliptic. 

An hour-circle is the intersection of a plane passing 
through the Earth’s axis with the celestial sphere. All hour- 
circles are then great circles passing through the poles. 

The orzzon is the intersection with the celestial sphere of 
a plane passed through the eye of the observer perpendicular 
to the plumb-line, or line of action of gravity, at the observer. 
All horizontal lines at a given point on the Earth’s surface 
pierce the celestial sphere in the horizon of that point. 

In each of these cases it is evident that the great circle on 
the celestial sphere would not be changed if the intersecting 
plane were moved parallel to itself a finite distance,—for 
instance, to pass through any other point in or upon the sur- 
face of the Earth. For example, the horizon may be consid- 
ered to be the intersection with the celestial sphere of a plane 
passing through the center of the Earth and perpendicular to 
the observer’s gravity line, instead of that given above. 

12. The angle between a line joining the center of the 
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Earth to a star (or other celestial object) and the plane of the 
equator is called the declination of that object. It is meas- 
ured upon the celestial sphere by that portion of the hour- 
circle passing through the star which is between the star and 
the equator. The declination is considered positive when 
measured north from the equator. It follows from the 
definition of polar distance (given in § 8) that the declination 
and polar distance are complements of each other. 

The equator and the ecliptic intersect each other at an 
angle of about 23° 27’.. Their two points of intersection on 
the celestial sphere are called the eguznoxes. That one at 
which the Sun is found in the spring is called the vernal 
equinox, and that at which it is found in the fall the autumnal 
equinox. As both the equator and ecliptic move slowly in 
space the equinoctial points slowly shift in position upon the 
celestial sphere. 

The right ascension of a star, or other celestial object, is 
the angle, measured along the equator, between the two 
hour-circles which pass through the star and the vernal equi- 
nox respectively. In other words, the right ascension is the 
angle between two planes, one passing through the Earth’s 
axis and the star and the other through the Earth’s axis and 
the vernal equinox. It is reckoned in degrees from 0 to 360, 
in the direction that would appear counter-clockwise if one 
looked toward the equator from the north pole,—from west 
to east. Right ascensions are still more frequently expressed 
in time, 24 hours being equivalent to 360 degrees. 

The zenith is the point in which the action-line of gravity 
produced upward intersects the celestial sphere. The oppo- 
site point on the celestial sphere is called the zadir. 

The intersection with the celestial sphere of a plane passed 
through its center, the zenith, and the pole is called the 
meridian, and the plane itself is called the meridian plane. 
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The intersection of the meridian plane with the plane of the 
‘horizon is called the meridian line. It connects the north 
and south points of the horizon. The intersection with the 
celestial sphere of a plane through the zenith perpendicular 
to the meridian plane is called the prime vertical. The east 
and west points of the horizon are in the prime vertical. 

13. The angle, measured along the equator, between the 
meridian and the hour-circle passing through a star (or other 
celestial object) is the hour-angle of the star. In other words, 
the hour-angle is the angle between the meridian plane and a 
plane passing through the Earth’s axis and the star. MHour- 
angles are reckoned like right ascensions, either in degrees, 
minutes, and seconds of arc or in hours, minutes, and seconds 
of time. In this book hour-angles will be measured for 180° 
each way from the upper branch of the meridian and wilA 
always be considered positive. 

The student should distinguish carefully between an hour- 
angle anda right ascension. Each is an angle between two 
planes. In each case one of the two planes is defined by the 
Earth’s axis and the star, and therefore changes direction but 
slowly in space. The second plane concerned in the case of 
a right ascension is defined by the Earth’s axis and the vernal 
equinox. This plane changes its direction very slowly. Se 
the right ascension of a star is an angle which is s/ow/y chang- 
ing,—at a rate of less than one minute of arc per year for 
nearly all the stars. The second plane concerned in the 
measurement of an our-angle is the plane of the meridian. 
This accompanies the Earth in its diurnal rotation. Hence 
the hour-angle of a star varies rapidly,—360° for each rota- 
tion of the Earth on its axis. The right ascension and 
declination are spherical co-ordinates locating a celestial 
object with reference to the hour-circle through the vernal 
equinox and the equator. The hour-angle and declination 
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are two spherical co-ordinates locating a celestial object with 
reference to the meridian and equator. 

14. It is convenient for some purposes to refer the posi- 
tion of a heavenly body by spherical co-ordinates to the 
planes of the meridian and horizon,—the two co-ordinates in 
this case being the altetude and azimuth. The altitude of a 
heavenly body is its angular distance above the horizon, or 
the angle between the line joining the observer to the star, 
and the horizontal plane. Any great circle of the celestial 
sphere passing through the zenith is called a vertical circle. 
The altitude of a star is measured by that portion of the verti- 
cal circle passing through the star which is included between 
the star and the horizon. The azzmuth of a star, or other 
celestial body, is the angle between the plane of the meridian 
and the vertical plane passing through the star. The same 
definition applies to a line joining two terrestrial points. The 
azimuth at station 4 on the Earth’s surface, of the line join- 
ing stations 4 and JB, is the angle between the vertical plane 
at A passing through the line AZ and the meridian plane 
of A. The azimuth of a star is measured on the celestial 
sphere by that portion of the horizon included between the 
star’s vertical circle and the meridian line. In general the 
altitude and azimuth of a celestial object are both changing 
rapidly because of the Earth’s rotation. The zenith distance 
of a star is its angular distance from the zenith,—measured, 
of course, along a vertical circle. The zenith distance and 
altitude are complements of each other. 

15. The astronomical latitude of a station on the surface 
of the Earth is the angle between the line of action of gravity 
at that station and the plane of the equator. It is measured 
on the celestial sphere along the meridian from the equator 
to the zenith. 

The astronomical longitude of a station on the surface of 
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the Earth is the angle between the meridian plane of that 
station and some arbitrarily chosen initial meridian plane. 
Usually the meridian of Greenwich, Eng., is taken as the 
initial meridian, but sometimes that of Paris or of Berlin, or 
in the case of detached surveys some arbitrary meridian plane 
to which all points of the survey may be conveniently referred. 
Unless otherwise stated astronomical latitude or astronomical 
longitude is meant when the word latitude or longitude is 
used in this book. 

The student should distinguish astronomical latitude and 
longitude from geodetic latitude and longitude, and should be 
careful not to confuse either one of these with celestial latitude 
and longitude. The geodetic latitudes and longitudes differ 
from the astronomical in that, instead of being referred to the 
actual action-line of gravity at the station, they are referred 
to a gravity line which has been corrected for local deflection, 
or station error.* Celestial latitudes and longitudes form a 


*In the operations of geodesy the action-line of gravity has been 
found to be nearly perpendicular at all stations to the surface of an 
imaginary ellipsoid of revolution generated by the revolution of an ellipse 
about its minor axis, the minor axis coinciding with the axis of rotation of 
the Earth. This is the form which a rotating liquid mass necessarily 
assumes under the action of no other forces than the action of gravitation 
between its component parts. Values for the polar and equatorial diam- 
eters, respectively, of this ellipsoid having been determined such that its 
surface is as nearly as possible perpendicular at all points to the action- 
lines of gravity, the outstanding difference of direction between the normal 
to the surface of the ellipsoid at any point and the actual action-line of 
gravity at that point is called the station error, or local deflection of the 
vertical at that point. The station error is supposed to be due to varia- 
tions of density in the interior of the Earth near the station, and to the 
local irregularities of the surface. 

The operation of determining the station error at a given place is as 
follows: The astronomical latitude and longitude of each of a number of 
stations are determined. The stations are connected by an accurate 
geodetic survey. All the latitudes and longitudes are then reduced to one 
of the stations by use of the known elements of the ellipsoid. The mean 
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system of spherical co-ordinates,—frequently used by the 
astronomer but seldom by the engineer. In this the ecliptic 
and vernal equinox play the same part as do the equator and 
vernal equinox in the case of declinations and right ascen- 
sions. 

16. In general, when the engineer observes a heavenly 
body he has one of four objects in view, namely, to determine 
his astronomical latitude, the azimuth of a line joining his 
station with some other terrestrial point, the true local time 
at the instant of observation, or the longitude of his station. 
The determination of longitude always involves a determina- 
tion of the true local time together with additional operations 
which are’ in some cases quite complicated. The instrument 
used in any case for the determination of time, latitude, or 
azimuth indicates the position of the horizon, and conse- 
quently of the zenith, by means of attached spirit-levels, or 


of the various values of the latitude of this single station as thus obtained 
is called its geodetic latitude. The corresponding statement applies to the 
longitude. It is evident that the greater the number of stations and the 
more widely scattered they are the nearer will the vertical as given by the 
geodetic latitude and longitude coincide with the normal to the ellipsoid. 
The difference between the astronomical and geodetic latitude at a given 
point is therefore usually called the station error in latitude. A similar 
statement defines station error in longitude. For further information on 
this subject see Clark’s Geodesy, pp. 287-288, Merriman’s Geodetic Sur- 
veying, pp. 79-88, or any extended treatise on geodesy. 

Station errors in longitude, or deflections of the vertical at right angles 
to the meridian, change the plane of the meridian from the position it would 
otherwise occupy and so change all azimuths from the values they would 
otherwise have. Hence there arises the same distinction between the 
astronomical azimuth of a line and its geodetic azimuth as is drawn above 
between the astronomical and geodetic latitudes and longitudes. On 
account of station error the line of gravity at a station and the axis of the 
Earth do not, in general, intersect. Hence to be exact the meridian plane 
must be said to be defined, not by the line of gravity and the Earth’s axis 
of rotation, but by the line of gravity and the point in which the axis of 
rotation produced intersects the celestial sphere. 
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by a basin of mercury having a free horizontal surface. The 
star, or other celestial object, is usually observed with a tele- 
scope. The two points on the celestial sphere always 
observed are, therefore, the zenith and the object. The right 
ascension and declination of the object observed become 
known, independently of the observations, by the methods 
indicated in the next chapter. The process most frequently 
used is to acquire, by instrumental observation and by the 
means indicated in the next chapter, a knowledge of three of 
the elements, arcs and angles, of some triangle on the celes- 
tial sphere of which one of the unknown elements, now 
capable of computation, is the quantity sought, or is one 
from which the required quantity can be readily derived. 

For example, suppose that the latitude of the station of 
observation is known, and that the zenith distance of a certain 
star is accurately observed. Let the true local sidereal time 
(see § 18) at the instant of observation be required. In the 
triangle on the celestial sphere defined by the pole, the zenith, 
and the instantaneous position of the star, the arc from the 
zenith to the pole is known, being the complement of the 
latitude of the station. The arc from the star to the pole 
becomes known by the methods indicated in the next chapter, 
since it is the complement of the declination of the star at 
the instant of observation. The arc from the zenith to the 
star, the zenith distance, was directly observed. Hence in the 
spherical triangle pole-zenith-star all three arcs are known and 
any of the angles may be computed. The angle at the pole 
of that triangle is the hour-angle of the star at the instant of 
observation. This being computed by the methods of 
spherical trigonometry, a mere addition to or subtraction 
from the right ascension of the star (which becomes known 
by the methods of the following chapter) gives the true local 
sidereal time (as will be shown later). 
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17. On account of the rapid apparent motion of most 
celestial objects, time enters as an important element into 
almost every astronomical problem with which the engineer 
has to deal. Three kinds of time are in use in astronomy: 
sidereal time, apparent solar time, and mean solar time. 

The passage of a star or other celestial object across the 
meridian is called its transet or culmination. 

The meridian (a great circle of the celestial sphere) is. 
divided into two half-circles by the poles. If the whole of 
the meridian be considered, a star has two transits for each 
complete rotation of the Earth on its axis: one over that half 
of the meridian stretching from pole to pole which includes 
the zenith, and the other over that half which passes through 
the nadir. The first of these is called the upper transit or 
upper culmination, and the second the lower transit or lower 
culmination. The word transit or culmination unmodified 
usually means the upper transit. The expression ‘‘ the 
passage of a star across the meridian ’’ refers, of course, to the 
apparent motion of the star. It would be more accurate to 
say that the meridian passes the star. But to refer directly 
to the apparent motion as if it were real saves circumlocution, 
is more clear in many cases, and is not misleading if one keeps 
in mind that this is merely a mode of speech. 

18. A szdereal day is the interval between two successive 
transits of the vernal equinox across the same meridian. Its 
hours are numbered from o to 24. The sidereal time is 
o" oo™ oo* at the instant when the vernal equinox transits 
across the meridian. The szdereal time at a given station and 
instant is the right ascension of the meridian, or is the same 
as the hour-angle of the vernal equinox, counted in the direc- 
tion of the apparent motion of the stars, at that station and 
instant. 

Right ascensions being reckoned from west to east, 
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opposite to the apparent motion of the stars, it follows from 
the above definition that the sidereal time at the instant of 
transit of astar is the same as the right ascension of that star. 

The sidereal day is substantially the interval of time 
required for one rotation of the earth on its axis, and the 
uniformity of the rotation of the earth is depended upon to 
furnish the ultimate measure of time. Because of the motion 
of the vernal equinox on the celestial sphere, about 50” per 
year, the sidereal day and the time of one rotation of the 
earth on its axis differ by about one one-hundredth of a 
second. 

19. The interval between two successive transits of the 
Sun across the meridian is called an apparent solar day. The 
apparent solar time for any instant and station is the hour- 
angle of the Sun (or 12 hours minus the hour-angle), at that 
instant, from that meridian. ‘But the intervals between suc- 
cessive returns of the Sun to the same meridian are not exactly 
equal, owing to the varying motion of the Earth around the 
Sun, and to the obliquity of the ecliptic.” 

Let Fig. 1 represent a section of the universe on the plane 
of the Earth’s orbit as seen from some position in space on 
the side on which the north pole is situated. The Earth is — 
seen moving around its orbit in a counter-clockwise direction, 
while at the same time its rotation about its own axis appears 
to be counter-clockwise. The figure is not to scale, but is 
merely a diagram in which certain dimensions are exaggerated 
for the sake of clearness. Suppose that A is the position of 
the Earth at a certain time, about March 21, when the Sun 
is seen projected against the celestial sphere upon the vernal 
equinox. Let B be the position of the Earth one sidereal 
day later. Then Aa and Sa are parallel lines, the vernal 
equinox being at an infinite distance (on the celestial sphere). 
The Earth has made one complete rotation on its axis between 
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the two positions, and the vernal equinox has returned to the 
same meridian. The Earth having moved a distance AB 
along its orbit, the Sun is now seen projected against the 
celestial sphere at 4 instead of a. Before the Sun will return 
to the meridian of position A again the Earth must rotate 
through the additional angle represented by abd reduced to 
the plane of the Earth's equator. (The figure represents a 
section in the plane of the eclzptic.) The apparent solar day 
will then be longer than the sidereal day by the time required 
for the Earth to rotate through this angle,—on an average a 
little less than four minutes. 

Let the angle governing the excess of the apparent solar 
over the sidereal day be examined further. As the Earth 
proceeds forward along its orbit the Sun will apparently move 
backward on the celestial sphere along the ecliptic to points 
b, c, d, etc. One of the laws of gravitation governing the 
motion of the Earth in its orbit is that the line joining the 
Earth to the Sun sweeps over equal areas in equal times. 
The linear velocity then varies nearly inversely as the distance 
to the Sun, and the angular velocity varies still more than the 
linear. The angular velocity is about 7% greater during the 
winter (of the northern hemisphere) than during the summer. 
The various arcs ab, bc, cd, etc., along the ecliptic, each 
corresponding to one sidereal day, will vary in value through 
that range. But the excess of the apparent.solar over the 
sidereal day depends upon these arcs projected upon the 
equator along hour-circles, the rotation of the Earth being 
uniform when measured along the equator. When such a 
small arc as ad near either equinox is projected upon the 
equator, it will be considerably reduced, being at an angle 
of 234° to the equator,—the angle between the equator and 
ecliptic at the equinoxes. 

On the other hand, when a portion of the ecliptic about 
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midway between the equinoxes is projected along its limiting 
hour-circles upon the equator, the projected length will be 
greater than the original. In short, the difference between 
the sidereal and apparent solar day varies by a rather compli- 
cated law from about 4™ 26° to 3™ 35’, being on an average 
3™ 56°.555 (in sidereal time). 

20. Apparent solar time is a natural and direct measure of 
duration, inasmuch as it is indicated directly by the hour- 
angle of the Sun, the most conspicuous of all the heavenly 
bodies. But a clock or chronometer cannot be regulated to 
keep this kind of time accurately, since the different days are 
of unequal length. To avoid the difficulties thus arising from 
the direct use of the Sun as a measure of time, a fictitious 
mean Sun is used. The mean Sun is supposed to move in the 
equator with a uniform angular velocity, and to keep as near 
the real Sun as is consistent with perfect uniformity of motion. 
This mean Sun makes one complete circuit around the 
equator at a uniform rate while the Earth is making a com- 
plete circuit around its orbit, at a variable rate. It is some- 
times as much as 16 minutes ahead of the real Sun, and 
sometimes behind it by 14 minutes. A mean solar day is 
the interval between successive transits of the mean Sun over 
the same meridian. The mean solar time for any instant and 
station is the hour-angle of the mean Sun at that instant from 
that meridian. For brevity mean solar time is often called 
simply mean time. The mean solar day is about 3” 56° longer 
than the sidereal day,—that being the amount by which the 
apparent solar day exceeds the sidereal day on an average. 
Stated more exactly, 24 hours of mean solar time is the same 
interval as 24" 03™ 56°.555 of sidereal time. 

The sidereal and mean solar time coincide for an instant 
about March 21 each year. The former gains 24 hours on 
the latter in a year. 
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The equation of time is the correction to be applied to 
apparent time to reduce it to mean time. It is the interval 
of time by which the mean Sun precedes or follows, or is fast 
or slow of, the real Sun at a given instant. Its limiting values 
are about + 14" and — 16". It is given in the American 
Ephemeris and Nautical Almanac for every noon at Washing- 
ton (and Greenwich). It can be obtained for any intermediate 
instant with an error not greater than o*%.1, usually much less, 
by a simple straight-line interpolation. 

21. The czvzl day, according to the customs of society, 
commences and ends at midnight. The hours from midnight 
to noon are counted from 0 to 12. and are marked A.M. 
The remaining hours from noon to midnight are again num- 
bered from 0 to 12 and marked P.M. 

The astronomical day commences at noon on the civil day 
of the same date. Its hours are numbered from o to 24, 
from noon of one day to noon of the next. The astronomical 
time as well as the civil time may be either apparent solar or 
mean solar. The convenience of the astronomical day for the 
astronomer arises from the fact that he does not have to 
change the date on his record of observations in the midst of 
a night’s work as he would be obliged to if he used civil 
dates. 

The zeros of sidereal, apparent solar, and mean solar time 
are, by definition, the instants of transit, across the meridian, 
of the vernal equinox, the Sun, and the mean Sun, respec- 
tively. The time, therefore, (of any of the three kinds,) will 
be the same for two stations at a given instant only in case 
those stations are on the same meridian. If the stations are 
not on the same meridian the difference of their times (of 
any of the three kinds) is a difference of two hour-angles 
measured from the respective meridians to the same object, 
and is therefore the angle between the meridians or the differ- 
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ence of longitude of the two stations. A difference of longi- 
tude is then a difference of time. 

22. In the United States, excluding Alaska, for every 
mile of distance, east or west along a parallel of latitude, the 
longitude changes by about four or five seconds of time. If 
each city and town used its own local mean solar time, the 
traveller would find himself at considerable inconvenience, on 
the modern railroads which transport him from 500 to 1000 
miles per day, to keep his watch regulated to the time of his 
various stopping points. Even when the railroads and the 
general public used one particular time for considerable areas, 
—that time being usually that of some large city or important 
railroad division terminus,—as was the case a few years ago, 
there was still confusion and annoyance arising from the fact 
that each kind of time was changed to the next by the addi- 
tion or subtraction of some irregular number of minutes, 
which was apt to be forgotten when most needed. These, 
and other reasons, have led to the general adoption in this 
country of what is called standard time. The standard time 
for each particular locality is the mean solar time of the 
nearest meridian which is an exact whole number of hours, 
four, five, six, seven, etc., west of Greenwich. The standard 
meridians for this country are thus: 

75° or 5" west of Greenwich, running near Utica, N. Y., 
Philadelphia, Pa., and off Cape Hatteras. 

go0° or 6" west of Greenwich, running near St. Louis, 
Memphis, and New Orleans. 

105° or 7" west of Greenwich, running near Denver, 
Colorado. 

120° or 8° west of Greenwich, running along the east line 
of the northern part of California and near Santa Barbara, Cal. 

135° or o' west of Greenwich, running near Sitka, Alaska. 

To reduce the local mean solar time to standard time it 
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is merely necessary in each case to apply as a correction 
the difference of longitude of the station and the standard 
meridian. Only the astronomer or engineer, however, is 
obliged to use this process. The traveller has occasion 
simply to change from one kind of standard time to another 
which differs from it by exactly one hour,—an interval which 
is easy to remember. 


To Convert Mean Solar to Sidereal Time. 


28. To convert mean solar to sidereal time or vice 
versa, it is necessary to take account logically of two facts, 
that the zeros of the two kinds of day differ by a certain 
interval, to be derived from the Ephemeris, and that the two 
kinds of hours bear a fixed ratio to each other which is nearly, 
but not quite, unity. 

Ahe local mean solar time at St. Louis, Mo., 52" 37°07 
west of Washington, is 9° 21™ 23°.35 A.M., July 29, 1892. 
What is the local sidereal time ? 


Drea | ETON ROE? INhuocscou dopochpaduaGoceso.ddoUC eed = OY ee WA Gi 
Time of mean noon...... U starStare aimageus sabe sreteltieletenshe ns sites = I2 00 00.00 
Mean solar interval to nearest mean noon............ = Pi GN GXGy EONS 
Reduction to sidereal interval (see §290).............. =-+ 0 00 26.06 
Sidenealimienvalytomearest mea mimo cll ste 2 39 02.71 
Sidereal time of mean noon, July 

29, 1892, at Washington......... == 8b 31™ 148.23 
Correction due to longitude to re- 

duce to St. Louis (see below).... =-+ 0 00 08.64 


Sidereal time of mean noon, July 
PS, WRI GUS Shin IFO 4 os badgo cn combaodooontoonbances = Sug lue22 07] 


Required siderealstimesat St. WOUISs mares. cel aan ieeiictatels = 5 52 20).16 


The first step is to obtain the mean solar interval between 
the given time and the nearest mean noon, and to reduce it 
to an equivalent sidereal interval by use of the tables in § 290 
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(reprinted from the back part of the Ephemeris). The 
derivation of these tables from the equation given at the end 
of each is sufficiently obvious. 

The next step is to derive from the American Ephemeris 
and Nautical Almanac the sidereal time of that mean noon, 
or, in other words, the difference of the zero points of the two 
kinds of time at noon of that day. The Ephemeris, in the 
part headed ‘‘ Solar Ephemeris’’ (pp. 377-384 in the volume 
for 1892), gives directly the sidereal time of every Washington 
mean noon for the year. What is required is the sidereal 
time of St. Louis mean noon. The vernal equinox, marking 
the zero of sidereal time, shifts 3" 56°.555 per mean solar day 
with respect to the mean Sun, marking the zero of mean solar 
time. The sidereal time of mean noon for a given point then 
Inereasesis | 50 .555-per day. St.Louis’ being 52° °37" 07 
west of Washington, its mean noon occurs at that interval of 
mean solar time later than the mean noon of Washington. 
Its sidereal time of mean noon is evidently that of Washing- 
ton increased by the motion of the vernal equinox relative to 
the-mean Sun in 527'37°.07, or 


(52 37°-07) = (24")\[3™ 56%.555]- 


This proportional part is precisely that given by the table, 
§ 290, for the reduction of mean solar to sidereal time, and 
hence the correction is taken directly from that table. 

Having now the sidereal interval to the nearest local mean 
noon, and the local sidereal time of that mean noon, the 
required sidereal time is obtained by a simple subtraction (or 
addition, as the case may call for). 

Note that the longitude of the station is used only in 
reducing the sidereal time of mean noon at Washington to the 
local sidereal time of mean noon. An error of 4° in the longi- 
tude produces an error of only o*.o1 in this reduction. 
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Example of the Reduction from Sidereal to Mean Time. 


24. At acertain instant in the evening of May 21, 1892, 
at Harvard Observatory, it was found by an observation upon 
a star that the sidereal time was 13° 41™ 27°.34. What was 
the mean time at that instant? Harvard Observatory is 23™ 
41° east of Washington. 

(Ghhen, Gieleneall imiodo56 co cho kons conwn oun Oo dso0 6 = 134 41™ 278.34 
Sidereal time of mean noon, 

May 21, 1892, at Washington = 3 59™ 118.73 
Correction, due to longitude, to 

reduce to Harvard Obser- 


WAI: (QBO\oosocncgso0 sox =—0 00 03 .89 
Sidereal time of mean noon, May 21, 1892, at 

lslarmmydel OMSGaneIOcassooopapssoonosaoogsne = BesOQmO7MesA 
Sidereal interval after mean noon................ == 9 42 19.50 
Reduction to mean time interval (§ 291) .......... SSO On Gy se 
Required mean time at Harvard Observatory..... = 9 40 44.10 P.M. 


The Ephemeris. 


25. The American Ephemeris and Nautical Almanac 
referred to in the above computation is an annual publication 
of the United States Government. It can be obtained at any 
time by sending one dollar to the Nautical Almanac Office, 
Washington, D. C. It, or its equivalent, is a necessity to an 
engineer making astronomical determinations, as will be seen 
by the many references to it in the following chapters. As it 
forms a part of the outfit of the astronomical observer and 
computer, the student should become familiar with its general 
arrangement, should acquire a general understanding of all 
parts of it, and should obtain a thorough grasp of those par- 
ticular portions to which he finds especial reference in the 
text of this book. To gain familiarity with the most 
frequently used portions of the Ephemeris, it is especially 
desirable that the following pages of the text at the back of 
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the Ephemeris headed “‘ On the Arrangement and Use of the 
American Ephemeris’’ be read; viz., the first four pages of 
the explanation of Part I (pp. 493-496 in the volume for 
1892), and the first three pages of the explanation of Part II 
(pp. 501-503 of the volume for 1892). The Governments 
of Germany, France, and England, and some others, issue 
similar publications. 


QUESTIONS AND EXAMPLES. 


26. 1. The position of the Sun projected upon the celes- 
tial sphere is always at some point of the ecliptic. Explain 
why this statement is not true in regard to a planet. 

2. What is the relation between the latitude of a station 

‘and the altitude of the pole at that station ? 

3. Given the latitude of a station and the declination of 
a star, how may the zenith distance of the star at the instant 
of upper culmination be determined ? 

4. In the case of a circumpolar star how may the zenith 
distance at lower culmination be determined, the declination 
and latitude being given ? 

A circumpolar star is one comparatively near the pole, say 
within ten degrees. 

5. How would you determine the zenith distance at upper 
culmination, and also at lower, for a circumpolar star of which 
the polar distance is given? The latitude of the station is 
supposed to be known. 

6. The hour-angle of the star Vega, east of the meridian, 
at a certain instant on the evening of June 30, 1892, at the 
Cornell Observatory was 25 11" 14°. The right ascension of 
Vega at that instant was 18" 33" 19°. What was the local 
sidereal time? Also, what was the Washington sidereal time, 
—Cornell being 2” 16° east of Washington ? 
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7. At acertain instant the hour-angle and zenith distance 
of a star are observed. The declination of the star is known. 
In the spherical triangle star-zenith-pole what parts are known 
and how may the latitude of the station be computed ? 

8. What was the hour-angle of the Sun on September 29, 
1892, at a station 4" 19™ 46°.3 west of Washington, when a 
clock which was 31%°.g fast of local mean time indicated 
2aALe LO 40 2. Me? 

The equation of time for apparent noon at Washington 
on September 29 was — 9™ 57°.71 and for the 30th, — 10™ 
7. O5e Ans. 2" 50™ 50°.5 west of the meridian. 

g. The mean time was 5" 16™ 21°.34 P.M., August 10, 
1892, at a station 2” 19™ 31° west of Washington. What was 
the sidereal time? The sidereal time of mean noon at Wash- 
ington on that day was g? 18™ 32°.gI. 

ANSS TAB O7800 14% 

10. The sidereal time was 23" 49™ 59°.92, the astronomical 
date August 21, 1892, and the station 1° 29" 21° west of 
Washington. What was the mean time and the civil date ? 
The sidereal time of mean noon at Washington on the 2Ist 
(eivilidate)-was 10”.O1> 55°,02,and onthe 22d.'10 105-51 -a5 
Ans. Mean time = 12 45™ 348.60 A.M. Civil date, August 22. 

11. The apparent solar time at a station 1° 46™ 18°.2 west 
of Washington was at a certain instant on April 17, 1892, 
10" 33" 14°.3 A.M. What was the mean time? The equation 
of time at Washington apparent noon on that date was 
— 38°.95, and on the 18th was — 52°.49. 

Ans. 10°32" 25° 20k ve 

12. The hour-angle of the Sun as observed at a certain 
instant, at a station 2" 14™ 34° east of Washington, on the 
forenoon of May 21, 1892, was found to be 2" 48™ 19°.3. 
What was the sidereal time? The equation of time for 
apparent noon at Washington was —3™ 37°.96 on May 20, 
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and — 3™ 33°.96 on the 21st. The sidereal time of mean 
noon at Washington on the 2Ist was 3° §9™ 11°.73. 
Ans. -¥° 067727". 3; 
13. Suppose you are carrying a watch which is 20° fast of 
standard (75th meridian) time, and that you wish to start a 
sidereal clock on correct time to within 1° at Cornell (2™ 16° 
east of Washington or 5" 05™ 56° west of Greenwich). Sup- 
pose the date to be Sept. 30, 1892, and the sidereal time of 
mean noon for Washington on that date to be 12” 39™ 37°%.2. 
What time should the sidereal clock indicate in the evening 
when your watch reads 7" 00™ 00%? AUS: 1084" 20) 
14. Explain why the “‘ sidereal time of mean noon’”’ as 
given in the last column of the ‘‘ Solar Ephemeris’’ (pp. 
377-384 in the volume for 1892), in the American Ephemeris 
and Nautical Almanac is not the same as the ‘‘apparent right 


> 


ascension ’’ at ‘‘ mean noon’’ as given in the second column. 

15. Why is not the ‘‘ equation of time for apparent 
noon ’’ as given in the eighth column, the same as the differ- 
ence of the two columns mentioned in the preceding example? 

16. What is the relation between the right ascension of 
the Sun at mean noon, the equation of time at mean noon, 
and the sidereal time of mean noon ? 

17. Look up the sidereal time of mean noon for to-day 
in the Ephemeris. Then, knowing the time of day and your 
latitude, hold two sheets of paper parallel respectively to the 
plane of the equator and the plane of the ecliptic. 
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CHAPTER II. 


COMPUTATION OF RIGHT ASCENSION AND 
DECLINATION. 


27. In the astronomical practice of the engineer the right 
ascension and declination of the object observed are usually 
known quantities determined from sources external to his own 
observations. The object of this chapter is to show how the 
right ascension and declination for the instant of observation 
are obtained from the available sources of information. 

The various heavenly bodies which the engineer is called 
upon to observe have all been observed frequently at the 
various fixed observatories with large instruments and at 
many different times extending over a long period of years. 
From these observations the positions, that is, right ascen- 
sions and declinations, at various stated times are determined, 
and the motions are carefully computed. This makes it pos- 
sible to compute the position of each of these bodies at any 
stated future time with an accuracy depending on the pre- 
cision of the observations and the remoteness of the future 
time. The results of such computations of positions made 
in advance, and also the data for such computations, are 
given in the ephemerides issued by various governments: the 
American Ephemeris, Berliner Jahrbuch, Connaissance des 
Temps (Paris), British Nautical Almanac, etc. Various other 
occasional publications also give the data for such computa- 
tions. The engineer uses these computations of position 
made in advance, and the published data for such computa- 
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tions, to obtain the right ascension and declination at the 
instant of his observation. 

When references are given in the following text to data in 
the American Ephemeris, it should be understood that sub- 
stantially the same data may also be obtained from the other 
national ephemerides. 


Position of the Sun and Planets. 


28. The right ascension and declination of the Sun are 
given for Washington mean and apparent noon in the 
American Ephemeris (pp. 377-384 of the volume for 1892) 
for every day of the year, together with some other data that 
are frequently needed for computation purposes. The corre- 
sponding data are also given for Greenwich in first part of 
the Ephemeris. The right ascension and declination are also 
given in the American Ephemeris for each planet for every 
day of the year when its transit is visible at Washington (on 
Pp- 393-411 of volume for 1892). The corresponding data 
are given in more complete form for Greenwich in the first 
part of the Ephemeris (pp. 218-249 of the volume for 1892). 
For the methods by which the right ascension and declination 
of the Sun, or a planet, at azy given intermediate time, are 
to be derived from the values stated in the Ephemeris, see 
the following sections, Nos. 29-34. 


Interpolation. 


29. By znterpolation is meant the process by which, hav- 
ing given a series of numerical values of a function corre- 
sponding each to a stated value of the independent variable, 
the value of the function for any other intermediate value of 
the variable is found independently of a knowledge of the 
analytical form of the function. The independent variable is 
often called the argument. For example, the right ascension 
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of the Sun is a known function of time as the independent 
variable. It is given in the Ephemeris for certain stated 
times. When it is required for any other time, instead of 
computing it directly from the known function, it is much 
more convenient and rapid to deduce it by interpolation from 
the stated numerical values. 

Interpolation always leads to approximate results which 
may be made more exact as the process of interpolation is 
made more complicated and laborious. The error of tnter- 
polation is the difference between an interpolated value and 
the value which would be found if one resorted to direct 
computation from the known function. Of the multitude of 
methods of interpolation, with widely varying degrees of con- 
venience, rapidity, and accuracy, three methods will be found 
sufficient for the ground covered by this book. These three 
may be described briefly as znterpolation along a chord, tnter- 
polation along a tangent, and interpolation along a parabola. 


Interpolation along a Chord. 


30. In zuxterpolation along a chord the rate of change of the 
function, between the two stated values of the variable which 
are adjacent to the value for which the interpolation is to be 
made, is assumed to be constant and equal to the total change 
of the function between those points divided by the interval 
between the stated values of the variable. If the actual 
values of the function were represented graphically, all inter- 
polated values would lie along chords of the function curve, 
connecting points on the curve corresponding to stated values 
of the variable. For example, the right ascension of Jupiter 
at 12" 35.5 mean time at Washington, on Oct. 1, 1892, was 
[2 O7*.o and at 1231") 1 on! Oct. 2. wasel {20 a6 356 
(Ephemeris, p. 405). Required its right ascension at 15° 
14™.2 Washington mean time, on Oct. 1? The interval 


See INTERPOLATION. 65) 


between stated values of the variable is 23" 55™.6 — 23°53. 
The change in the value of the function is — 29%.01. The 
rate of change is then — 29*.01 + 23".93 = — 1°.212 per 
hour. The interval over which the interpolation is carried 
from the nearest given value is 15" 14™.2 — 12° 35™.5 = 2! 
38™.7 =2".64. The change during that interval is (2.64) 
{—1.212) = —3°.20. The required right ascension is 1 21™ 
07°.81 — 3°.20 = 1" 21™ 048.61. The result would have been 
identical with this had the interpolation been made from the 
other adjacent value, namely, that at 12" 31™.1-0n Oct. 2d. 
In algebraic form this interpolation may be expressed thus: 


V,— V. 
pha sd Cael 2 smear a 
es ee 


or F=R-FR-Apapie ss. 


the first form being used when the interpolation is made 
forward from the value /,, and the second when it is made 
backward from /,. 

F, is the required interpolated value corresponding to the 
value V; of the independent variable. V, and V, are the 
adjacent stated values of the argument to which correspond 
the given values /, and /, of the function. 


Interpolation along a Tangent. 


31. Interpolation along a tangent is, in general, more 
accurate than interpolation along a chord, but can only be 
used conveniently when the rates of change, or first differen- 
tial coefficients of the function, are given at the stated values 
of the variable, in addition to the values of the function 
itself. In this interpolation the rate of change, for the inter- 
val from the xearest stated value of the variable to the value 
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for which the interpolation is to be made, is assumed to be 
constant and equal to the given rate of change at the stated 
value of the variable. ‘ 

The interpolated points represented graphically would lie 
on a tangent, at the nearest stated value of the variable, to: 
the curve representing the function. For example, let it be 
required to find the declination of the Sun on Sept. 5, 1892, 
at 9g" 30" A.M., Washington mean time. On page 382 of the 
Ephemeris for that year, the nearest time for which the 
declination is given, is Washington mean noon of that day. 
For that instant the declination is + 6° 28’ 18.6. Its rate 
of change for that instant is stated to be — 55’’.92 per hour. 
The interval over which the interpolation is to extend is 2".5 
backward from noon. Then by interpolation along the tan- 
gent to the curve (representing declinations) at noon of Sept. 
sth, there is obtained as the declination at 9" 30™ A.M., 
6° 28’ 187.6 + (2.5)(55".92) = 6° 30’ 38.4. Inthis method 
of interpolation the shorter the tangent the smaller the error 
of interpolation, and therefore care should be taken to inter- 

‘polate from the xearest stated value of the variable. The 
formula for this interpolation is 


F, =F, + () v7, - v3}. aan a 516 


F, and V;, are the required interpolated value and the corre- 
sponding given argument, V, and F, are the nearest tabular 


1 


value of the argument and the corresponding value of the 
aF\ 
function, and (a is the given first differential coefficient 


corresponding to V,. 
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Interpolation along a Parabola. 


32. In znxterpolation along a parabola it is assumed that the 
second differential coefficient of the function is constant 
between adjacent stated values of the independent variable, 
or, in other words, that the rate of change of slope of the 
function curve is constant between those points. This 
assumption places the interpolated points along a parabola, 
with axis vertical, passing through two points of the function 
curve,—the uniform rate of change of slope being a property 
of such a parabola. There are two cases arising under this 
method, depending upon whether the first differential is, or 
is not, given for the stated values of the variable. 

33. For an example of the first case take the problem 
proposed in the preceding section, in which it is required to 
find the declination of the Sun at 9" 30" a.M., Washington 
mean time, Sept. 5, 1892. The data given in the Ephemeris 
for 1892 for Washington mean noon Sept. 4 are declination 
= 6150 397 .5,.and thesfirst differential coefficient = — 
55’’.66; and for Sept. 5, declination = 6° 28’ 18’’.6, and first 
differential coefficient = — 55’’.92. It is proposed to place 
the interpolated value on a parabola (with axis vertical) coin- 
ciding with the curve of declinations at the two given points, 
and also having a common tangent at each of these points. 
To make the interpolation, the principle will be used that a 
chord of such a parabola is parallel to the tangent at a point 
of which the abscissa is the mean of the abscissz of the two 
ends of the chord. The slope of the chord (of the parabola) 
corresponding to the interval gt 30™ to 12", on Sept. 5, is 
then the same as the slope of the tangent at the middle of 
that interval, 10° 45™. The slope of the tangent changes 
by (— 55”.92) — (— 55.66) = — 0.26 in 24 hours, or 
=o 0108 pershour, The slope at-10°-45" = — Or 
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+ (0’.0108)(1.25) = — 55”.91. The interpolated value at 
gi 30" is 6° 28" 18" .6-- (55/.91)2.5) = 0 3038" <4. 

This method of interpolation, though most easily remem- 
bered, perhaps, in the geometrical form, may be put in con- 
venient algebraic form as follows: 


Fr=Ah+[Vi- val (zy), + (Ze), eles le (3) 
or 


A=ntyr— val (5), + {(3),- (&),} ee | | GO) 


according to whether the interpolation is made forward from 
V, or backward from V,. The notation is the same as in the 


2 


preceding paragraphs. The two results are identical, but the 
arithmetical work will be shorter if the interpolation is made 
from whichever of the given points happens to be the nearer. 
84. The second case of interpolation along a parabola 

occurs when the first differential coefficients are not given. 
The assumptions involved are just as before. Asan example, 
take the problem proposed a few paragraphs back, of finding 
the right ascension of Jupiter, at 15" 14™.2, Washington mean 
time, on Oct. 1, 1892. The Ephemeris gives the right 
ascension 

=e 21) 36.50 atel2 130 .Ononnoepiaso. 

= leo” O7 sSigat toes Aeon Oc init: 

==MI 2 O ees O OO Ath U3 Pal Ona@)ctaess 


It is proposed to interpolate the required point on a pa- 
rabola, with axis vertical, passing through these three given 


the secon 1 1S constant, then 
7 ee 7 -( 


a*F F 
is really me Call V;—V,, JV. Then (3) put in the calculus notation 


aF a@FrAV? aF ped 
becomes 47 = #; + — Ta sie Fra Te. in which WwW and 5 >i are values 


corresponding to the point Mm, Vi. 
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points. Again, using the principle that in such a parabola, a 
chord, and the tangent at a point of which the abscissa is the 
mean between the abscissze of the two ends of the chord, are 
parallel, the slope of the parabola at any point may be com- 
puted. The slope of the parabola at the middle of the first 
iirervalysat1O'937; 27 —'O .63,0m Oct, 1s.(O7°.81 — 36%-50) 
+ 23.93 = 1%.203 per hour. At the middle of the second 
interval, at o" 33".3 = 0".56 on Oct. 2, it is (38°.80 — 67°.81) 
+ 23.93 = —1*.212 per hour. The interval over which the 
interpolation is made, from the nearest given value, is 12” 
Oeroe Ons, old. .2. One Oct, i, .ore2"138™.7 = 2°04. he 
slope of the chord for this interval is that of the tangent 
Ataits) micdie,. 13" 54-.98'==13'.01. This slope is, assum- 


ing the rate of change of the slope constant, — 1°.203 + 
13?.91 — 0°.63 ; : 1 : 
a6 = saaule es 1°.212) — (— 18.203) ] = — 1%.208 per 


hours athe right ascension at 15° 14™.2 is 1° 21" 07*.81 — 
(18.208)(2.64) = 15 21™ 048.62. This sample interpolation is 
made in the present form simply for the purpose of illustrat- 
ing the principles involved. The numerical work of inter- 
polation should ordinarily be done as indicated in formula (4) 
of the following section. 

Putting this method in the algebraic language it takes the 
following form: Let /, /, and /, be three successive given 
values of the function corresponding to the values V’,, V,, and 
V, of the independent variable; and let lV, be the stated value 
of the variable nearest to which lies the value for which the 
interpolation is to be made. Let F; be the required value of 
the function corresponding to VY; Then 


Vit Va Viti 


2 2 
VotVa _ PEATE, [Vi- Va]; 


fy —Fi | f,—Fy bi said | 
ato Vs—Va Va-Vi 


IGS fya+ 


2 2 
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or, in simplified form, 


Male (iF, F—F, } Vi—V,) 
Bete wipes pa ree le (4) 


If, as is usually the case, the successive differences 
between )’,, V,, and V, are all the same and equal to J, this 
may be further simplified to the form 


jean eo 
Ha=h+(S 54+ GO - VAD | Vhs Ga) 


in which d, is the second difference, or (7, — /,) — (4%, — #). 
The second term in the square bracket will usually be com- 
paratively small, and therefore easy to compute. 

For a more complete discussion of interpolation, giving 
other more complex and accurate formule, see Chauvenet’s 
Spherical and Practical Astronomy, vol. I. pp. 79-91; 
Doolittle’s Practical Astronomy, pp. 69-98; and Loomis’ 
Practical Astronomy, pp. 202-212. 


Accuracy of Interpolation of Position of Sun and Planets. 


35. An interpolation along a tangent,—the first differen- 
tial coefficients or hourly changes being given,—from the 
values given for noon of each day in the Ephemeris (pp. 
377-384 of the volume for 1892), will give the right ascension of 
the Sun at any time with an error of interpolation not exceed- 
ing 0°.6, and the declination with an error of interpolation not 
exceeding 1’’.8. For nearly all cases the error of interpola- 
tion will be much less than these extreme limits. Approxi- 
mately, the extreme error of interpolation along a tangent is 
one-eighth of the second difference at that point,*—meaning 


* The interpolation along a tangent will evidently give the greatest 
error when the interpolated point is midway between the tabulated values, 
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by a second difference the difference between successive first 
differences. If greater accuracy is desirable,—which will 
often be true of declinations, but seldom of the right ascen- 
sions,—an interpolation along a parabola will always give all 
needful accuracy. In dealing with the planets an interpola- 
tion along a tangent, or along a chord in those cases in which 
the first differential coefficients are not given, will in many 
cases give a sufficient degree of accuracy, and interpolation 
along a parabola will give all needful precision in every case. 


Position of the Moon. 


36. In the first part of the Ephemeris, in which the 
standard meridian is that of Greenwich (pp. 2-217 of the 
volume for 1892), the Moon’s right acension and declination 
are given for every hour during the year, together with the 
corresponding first differential coefficients. An interpolation 
along a tangent, from the nearest hour, will give the Moon’s 
right ascension at any time with an error of interpolation not 
exceeding 0%.05. The corresponding limit for declination 
interpolated along a tangent is 1”. This will usually be a 
sufficient degree of accuracy. But if for some special reason 
a greater precision is required, an interpolation along a parab- 
ola will give the results far within the limits of error of the 
tabular values themselves. 


Positions of Stars. 


37. The American Ephemeris gives the right ascension 
and declination of four close circumpolar stars for every upper 


the tangent then used, corresponding to one-half of a tabular interval, 
being longer than is necessary in any other case. If for this case the 
interpolation along a parabola be used, the interpolated value will differ 
from that found by using the tangent by one-eighth the second difference, 
—as may be seen by inspection of the formule (2), $31, and (3), $33. If, 
then, the second interpolation be assumed to be exact, this value is the 
error of the first interpolation. 
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transit at Washington (pp. 302-313 of 1892); of every tenth 
transit for about 200 stars; and the right ascension only for 
every tenth transit visible at Washington of about 200 more. 
Other national Ephemerides contain similar lists, which often 
comprise about the same stars. This list is made up of stars 
whose positions are well determined by many observations at 
various observatories. They are also chosen with especial 
reference to the needs of the engineer and navigator as 
regards brightness and distribution on the celestial sphere. 
An idea of the care with which their positions have been 
determined may be gained from the mere statement of the 
fact that in computing many of these declinations fifty cata- 
logues of recorded observations, at many different observa- 
tories, made at various times during a total interval of a 
century and a quarter, were consulted, and the various 
observations upon any one star combined in each case in a 
single least-square computation.* 

The positions of the close circumpolars at any time may 
be obtained with all needful accuracy by interpolation along 
a chord from the values given in the Ephemeris. For the 
other stars given in the Ephemeris (at 10-day intervals) an 
interpolation along a parabola will usually be necessary. 

When other stars must be observed than these Ephemeris 
stars of which the places are given at frequent intervals, a 
complicated procedure is necessary to obtain the position of 
the star at the time of the observation. This process forms 
the subject of the remainder of this chapter. 

The position or place of a star is usually given in one of 


* See ‘Survey of the Northern Boundary from the Lake of the Woods 
to the Rocky Mountains” (Washington, 1878), pp. 409-615, for a complete 
report on the computation of star places for that survey by Lewis Boss (pp. 
421-424 give catalogues consulted). Many of the star places given in the 
Ephemeris are from this computation. 


§ 38. ABERRATION. 41 


three ways, which should be carefully distinguished. Either 
its apparent place, true place, or mean place is given. The 
right ascension and declination, as defined in § 12, indicate 
the ¢rue place of a star or other celestial object. But the 
apparent direction of a star, even aside from the refraction of 
the line of sight by the terrestrial atmosphere, is affected by 
aberration. The apparent place of a star is its true place 
modified by the aberration of light. An observer sees a star 
in a position which differs from what is technically called its 
apparent place by the effect of refraction only.* It should be 
carefully noted that the word ‘‘ apparent’’ is not here used 
in the ordinary sense, but in the special technical sense which 
it must be understood to have hereafter throughout this book. 


Aberration. 


38. Aberration is an apparent displacement of a star 
resulting from the fact that the velocity of light is not infinite 
as compared with the velocity of motion through space of the 
observer, stationed at a point on the Earth's surface. 

If one is standing in a rain which is falling in vertical 
lines, the umbrella must be held directly overhead. If, how- 
ever, one is riding rapidly through such a rain-storm, the 
umbrella must be inclined forward. In the first case a drop 
of rain entering at the centre of one end of a straight open 
tube held with its axis vertical would pass along the axis of 
the tube to the other end without touching the tube. In the 
second case, however, if it is desired that drops which enter 
the tube at the upper end shall continue down the tube 
without touching the sides, it will be necessary to incline the 
tube forward from the vertical to a certain angle which is 
dependent on the relative velocity of the horizontal motion 
of the tube and the vertical motion of the rain. So when a 


* For.a detailed consideration of refraction see §§ 67-69. 
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telescope is to receive along its axis the light undulations from 
a star, it must be inclined forward in the direction of the 
actual motion of the telescope in space so as to make a slight 
angle—the aberration—with the actual line joining telescope 
to star. This small angle, the aberration, amounting at 
most to about 20”, is evidently dependent upon the relative 
velocity of light and of the telescope, and the angle between 
those two velocities. (The student may easily draw a 
diagram for himself showing the geometrical relations con- 
cerned.) The motion of the telescope is compounded of that 
due to the diurnal rotation of the Earth on its axis and the 
annual revolution of the Earth about the Sun. These give 
rise to the diurnal aberration and annual aberration, respec- 
tively. The diurnal aberration evidently affects right ascen- 
sions directly, but has no effect upon declinations of stars in 
the meridian. The annual aberration in general affects both. 
For an example of the way in which diurnal aberration is taken 
into account in computations, see § 96. The effect of annual 
aberration is included in the apparent place computation 
treated later in this chapter. : 

The velocity of light is, according to the best determi- 
nations, about 186300 miles per mean solar second.* It 
requires about eight minutes for light to travel from the Sun 
to the Earth. An observer, then, does not see a celestial 
object in its true position at the instant when the light enters 
the eye, but in the position which it occupied when that light 
left the object—an appreciable interval earlier, for all celestial 
objects. This phenomenon is called planetary aberration. 
With this form of aberration the engineer is not concerned. 

39. The mean place of a star is its position referred to the 
mean equator and mean ecliptic, as distinguished from its 


* See ‘‘ The Solar Parallax and its Related Constants,’’ Wm. Harkness, 
Washington, 1891, pp. 142 and 29-32. 
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position as referred to the actual or true equator and ecliptic. 
The equator and ecliptic as they would be if unaffected by 
periodic variations, in other words by nutation, are called the 
mean equator and mean ecliptic. 

The mean place of a star, then, at a given instant, differs 
from the true place by the effect of nutation at that instant, 
and from the apparent place by the effects of both nutation 
and annual aberration. 

To avoid inconveniences arising in the course of computa- 
tions of star places, if any other form of year is employed in 
reckoning time, the astronomer uses what is called the 
Besselian fictitious year. The beginning of the fictitious year 
is the instant at which the celestial longitude of the mean 
Sun is 280°, or, in other words, when the mean Sun is 280° 
from the vernal equinox measured along the ecliptic.* The 
beginning of the fictitious year differs from the beginning of 
the ordinary year by a fraction of a day, which varies for 
different years. 

The places given in the Ephemeris, referred to in § 37, 
for every day or every ten days, are apparent places, and are 
so marked. When the engineer is obliged to have recourse 
to stars which are not so given in the Ephemeris, he consults 
one or more of the various available star catalogues or star 
lists.| These catalogues and lists give the mean places of the 
stars at the beginning of some stated fictitious year, together 
with other data relative to each star. The problem which 
then confronts the engineer is to derive, from that given 
mean place, the apparent place at the time at which his 
observation was made. This is done in two steps. Firstly, 
the mean place of the star is reduced from the epoch of the 
catalogue to the beginning of the fictitious year at some 


* See definition of celestial longitude, §15. 
+ For references to a few of such catalogues and lists see § 141. 
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part of which its apparent place is desired. Secondly, the 
apparent place of the star at the time of observation is 
deduced from the mean place at the beginning of the ficti- 
tious year. 


Reduction of Mean Places from Year to Year. 


40. To serve as a concrete example, let it be supposed 
that the star u« Hercules was observed at its transit across the 
meridian at St. Louis, Mo., on July 16, 1892; and the 
authority depended upon for its position is Boss’s Catalogue 
of 500 Stars-for 1375.0.* | This staris No. 312 in that cata- 
logue and its mean place as there given for the beginning of 
the fictitious year 1875 is 


(eg = 17 Al? 34*-0\—anean tight ascension ; 
Osco = 4+ 27° 47° 42”.17 = mean declination. 


(Throughout this book a and 6 will be used to indicate 
the apparent right ascension and declination, respectively, at 
the time of the observation under consideration. The same 
letters with the subscript ,,, thus, @,,, 6,,, will be used to indi- 
cate the mean place. With a year asa subscript as above, 
they will be understood to indicate the mean place at the 
beginning of that fictitious year.) 

41. The reduction from the mean place at 1875.0 to that 
at 1892.0 involves simply the change in the mean equator , 
and mean ecliptic during that time. The determination of 
the laws of change of these two fundamental reference circles, 
and the method of computing the effect of those changes upon 
right ascensions and declinations, belong rather to the prov- 
ince of the astronomer than to that of the engineer. It 


* Survey of the Northern Boundary from the Lake of the Woods to the 
Rocky Mountains (Washington, 1878), pp. 592-615. 
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suffices for the engineer to accept the results of the investi- 
gations of the astronomer in the following form: 


Lam : 

Wem. sin a, tan 6, + 4; ee (c) 
a6», ; 

ppg en COS His eae «the ey tO} 
d*é,, an aa 

Tf dp C08 Am — HSIN Ay Fie (7) 


in which m= 46.0623 + 0’’.0002849(¢ — 1800) (¢ being ex- 
pressed in years), and x = 20.0607 — 0”.0000863(¢ — 1800). 
The numerical values for m and m as here given are those 
most extensively used, and are the result of exhaustive 
investigations by the astronomers Peters and Struve. and 
hw’ are proper motions per year in right ascension and declina- 
tion respectively, for an account of which see §§ 44, 45. For 
the present these proper motions may be considered simply 
as changes at a uniform rate in each of the two co-ordinates, 
without any reference to their meaning or method of deriva- 
‘ Ahn a6 

tion. and apa’ rates of change per year. 

The formule given above are neither complete nor exact, 
many terms of the exact formule having been dropped, and 
those which are retained having been somewhat modified. 
But they furnish the complete basis for a reduction, with 
sufficient accuracy for the purposes of the engineer, from the 
mean place given in a catalogue to the mean place at the 
beginning of any other fictitious year within thirty or perhaps 
fifty years. For the formule in complete form adapted to 
the use of the astronomer to bridge over long intervals of 
time,—sometimes more than a century,—see ‘‘ Survey of 
the Northern Boundary from the Lake of the Woods to the 
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Rocky Mountains,’’ pp. 416-420; and for a detailed discus- 
sion of them see Doolittle’s Practical Astronomy, pp. 560— 
578 and 583-589. 

42. The engineer is, however, relieved of the necessity for 
performing the numerical operations indicated by formule 
(5), (6), and (7). For star catalogues and lists give in addi- 


d ao GEX®... 
en “, and the term ~ 


tion to a,, and 6,, the values of 


ue? TAR at’ 
is: tabulated,* in § 292 of this book, for the_arguments 
a,, and , of which it is evidently a function. 


Students will find slight differences between different 
authorities in regard to the nomenclature of this part of the 


* This table is, so far as the author knows, a new one. It was com- 
puted from formula (7) above, for the date 1900, to six places of decimals 
and afterward reduced to five. It is hoped that all the tabular values are, 
in so far as the computation is concerned, within 0.6 of a unit in the fifth 


ao 
place. The formula used for Tae is, however, approximate in itself in 


having omitted the effect of proper motion. Theory indicates that this 
omission should produce an error so small as to be negligible for our 
present purpose. To test that conclusion, as well as the accuracy of com- 


a?O0m 


putation of the table, Saas for fiftv stars (every tenth) of Boss’ List, 


Northern Boundary Report, was derived from the table and compared 
with that given by Boss in the list. Boss’ values were computed from the 
exact formule. The greatest difference found was 0.00003. This would 
cause an error of only o’.o1 in a reduction extending over 30 years, and 
only o’.o4in 50 years. It is believed, therefore, that the table is abundantly 
accurate within the limits over which its arguments extend. It should 
not, however, be assumed to hold good beyond those limits. The table 


: é eee a : 
does not cover the comparatively rare cases in which oe 1s negative (for 


stars near the pole). For these cases the formula (7) must be used. The 
table is computed for the year 1900. The same computation made for any 
date between 1700 and 2100 would give values differing from those of the 
table by not more than one unit in the last decimal place given in the 
table. 
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: ada 
subject. — is usually known as the ‘‘ annual variation in 


at 
. . Mie . . . 
right ascension.”’ 77, 8 sometimes given under the heading 
+o es ; a Se, : 
annual variation in declination. Sometimes the terms 


? 


m cos a and p’ are given separately as ‘‘ annual precession’ 
2 


a Mm es . . 
We 1s sometimes given 


in the form of a ‘‘ change per 100 years’’ in the annual pre- 


and ** proper motion,’’ respectively. 


cession. 


Having given the mean place of a star, a, and o,, for a 


m 


date z,, at the beginning of some fictitious year, the place at 
time ¢, at the beginning of any other fictitious year is 


(8) 


LA», 
A, = An + (e ary t4)( dat iF 


LAO I 2 d* Onn 
i Sate | eee en aE) 


43. To return to the numerical case in hand, the following 
data are also given in Boss’ list for the star “ Hercules: 


Aa, . . . . . 

a annual variation in right ascension = + 2°.345; 

Lom . . . . . . . . 

ie a annual variation in declination, including proper motion 
= == 2 2701S 

ZO 

aa + 0’’.003380; 


all forthe date 1575. 
The mean place for 1892 is then, by (8) and (9), 
Bxgon = 177 41™ 34°.0 + (17)(2°.345) = 17" 42™ 13°.86; 


Sxg0 = 27° 47’ 42”.17 + (17)(—2”. 3701) + 3(17)'(0”.003380) 
= 27° 47’ 42’.17 — 40.29 + 0.49 = 27° 47’ 02".37. 
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at’ 
is not, it could have been obtained by entering the table § 292 


If had not been given in the star list, as frequently it 


a. 
with the arguments a,,= 17" 41”.6 and = = + 2°.345. 


The value as then found from the table would have been 
= 0”’.00341, and the final value for 6, would have been 
identical with that given above. 


Proper Motion. 


44. When the co-ordinates of a star, as observed directly 
at widely separated times, are reduced to the same epoch, it 
is usually found that, aside from discrepancies arising from 
accidental errors of observation, there are systematic differ- 
ences in the various values indicating a steady movement of 
the star in some one direction with the lapse of time. 
Observations on another star indicate usually that it has also 
such a motion peculiar to itself, which is without any apparent 
relation to the motion of the first star. So each star is, in 
general, found to have an unexplained motion peculiar to 
itself, called its proper motion. This proper motion is always 
exceedingly small, and is assumed to take place along an arc 
of a great circle of the celestial sphere, and at a uniform rate 
in each case. Probably neither of these assumptions are 
strictly true; but the accumulated proper motion for several 
centuries even would be so small that observations of the 
highest degree of accuracy now obtainable would not be 
sufficient to prove the path of star to be curved, or its motion 
to be other than uniform. 

When the mean position of a star for a given date is to be 
derived from the results of many observations at various 
times in the past by the process indicated briefly in § 37, an 
unknown annual proper motion in declination, and another in 
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right ascension, are introduced into the least square adjust- 
ment. The annual proper motions in declination and in 
right ascension as thus derived are then used in deducing the 
place of the star at any future date in the manner indicated 
in formule (8), (9), (5), and (6), §$ 41, 42. For a full discus- 
sion of the treatment of proper motion, from the astronomer’s 
point of view, with the refinements necessary when reductions 
are to be made covering very long periods of time, see 
Voolittle’s Practical Astronomy, pp. 578-583, and Chauve- 
net’s Astronomy, vol. I. pp. 620-623. 

A concrete idea of the magnitude of the proper motion 
usually found may be gained from the fact that in the Boss 
Catalogue! of 500 Stars for the epoch 1875.0 there are only 
8 stars out of the 500 for which the annual proper motion in 
declination exceeds 0”.50. In 367 cases it is less than 0.10. 
Proper motions in right ascension are of the same order of 
magnitude,—keeping in mind, of course, that 1° of right 
ascension represents, for a star near either pole, a much 
smaller displacement upon the celestial sphere than 1° for a 
star near the equator. 

45. That the so-called proper motion is not really due to 
an erroneous determination of the precession, is put in evi- 
dence by the fact that the various proper motions for different 
stars do not show the systematic relation which they must 
necessarily have if due to a shifting of the reference circles. 
Precession does not change the *ve/atzve positions of the stars. 
Proper motions do. To what are the proper motions due? 
Ist. If they are due to a motion of the solar system as a 
whole through space, the stars which are ahead in the direc- 
tion of motion must seem to be separating in all ditections 
from the point toward which we are moving, must seem to be 
going backward at the sides, and apparently closing together 
behind us,—just as points of the landscape seem to a traveller 
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to move. 2d. If the proper motions are due to actual motions: 
of the stars themselves, acting as entirely independent 
bodies, the proper motions should seem to be without any 
relation to each other. 3d. If, on the other hand, they are 
due to actual motions of the stars, which are not, however, 
independent, one would expect to find laws connecting the 
proper motions,—laws, however, which would differ from 
those called for by the last supposition above. A close study 
of the proper motions seems to indicate that there is some 
truth in each of the three suppositions. 

Computations based upon hundreds of observed proper 
motions, made by different astronomers at various times, have 
all agreed, in a general way, in indicating that there is a slow 
motion of the solar system as a whole through space toward 
a point in the neighborhood of a = 177, d6=-+ 35°. For 
details in regard to the computations, see Chauvenet’s As- 
tronomy, vol. I. pp. 703-708. In regard to the third sup- 
position, it may be noted that in a few rare cases of double 
stars, two stars apparently very near to each other, the 
observed proper motions indicate that the two revolve about 
some common centre—are linked together by gravitation. 
But though some laws connecting the various proper motions 
have been thus discovered, the salient fact to keep in mind is 
that the second supposition is very largely true,—that the 
discovered laws only account for an extremely small fraction 
of the actually observed proper motions. 


Reduction from Mean to Apparent Place. 


46. To reduce from the mean place at the beginning of 
the year to the apparent place at a given date, it is necessary 
to reduce the mean place up to date, and then apply to that 
result the effect of nutation and aberration at that date. 
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This computation, if made directly from the known laws of 
nutation and aberration, is very laborious.* 

But such a direct computation is not necessary. This is 
again one of the cases in which it is advisable for the engineer 
simply to accept the results of the astronomer’s investigations 
in the convenient form in which they are given in the 
Ephemeris, without going through all the details of the 
derivation of those results. 

47. Suffice it to say that this reduction has been put in 
the following convenient form: 


a=a,+f+tu-+ eg sin (G + a,) tan 6, 
+ 752 sin 77+ a,) sec 6, .. . (in time); (10) 


Oo = 6, + Ty =e cos (G ots a) 
+ h# cos (H+ a,) sin 6, + 2 cos 6, . (in arc); Ga) 


in which @ and 6 are the required apparent right ascension 
and declination at some stated time; a, and 6, are the mean 
right ascension and declination at the beginning of that 
fictitious year; z is the elapsed portion of the fictitious year 
expressed in units of one year; mw and yw’ are the annual 
proper motions in right ascension and declination; and /, G, 
H, g, h, and 7 are quantities called independent star-numbers, 
which are functions of the time only, and are given in the 
Ephemeris for every Washington mean midnight during the 
year (pp. 285-292 of the volume for 1892). 1 expressed in 
units of a year is also given in the Ephemeris on the same 
pages. The values of these constants may be derived for the 
exact instant at which they are required, with sufficient 
accuracy, by interpolations along chords. 


* For an exhibit of the formule for the computation if made thus, see 
Doolittle’s Practical Astronomy, p. 6Io. 
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48. The computation of the apparent place of uw Hercules 
at its transit at St. Louis, Mo., July 16, 1892, as proposed 
in § 40 and partially carried out in § 43, may now be con- 
tinued, as follows. From § 43: 

@ = 17" 42™ 138.9 = 265° 31’ (to nearest minute). 


Oot 7 Ay 02. Sy78 


StLOMISMSawiestron Was Dill St Ome tiem eleleis stelstelersleorelelate siete leletsere ree 53™ 
Ste oursesidenealigiime Otatransits(S@Imeras tcl) tetesetereisetelastetoystatelorrese GE AP 
Washington siderealitime (to nearestiminute)) er. seis teleisiecisielaren 18 35 


Sidereal time of mean midnight (at end of the civil day, July 16) 

by interpolation between sidereal times of mean noon as given 

in Ephemeris, p. 381, for July 16 and 17 (to nearest minute).... 19 42 
Hence the sidereal interval before Washington midnight for the 


SWE! GMS WSscasunsoonbaodoosee doou cn nhS ooEOnD OODLE adooceURe Or 
This interval is, with sufficient accuracy for the purpose of interpolation 
of the star-numbers, aor = 0.05 day. 
The Ephemeris, p. 289, gives directly the following values: 
July 15, Washington mean midnight: 


T dE G H log ¢ log 4 log z 
0.54 + 18.00 315° 26’ 157° 43’ + 0.9607 + 1.3048 + 0.5212 


July 16, Washington mean midnight: 

0.54 + 1%.00 315° 41 156° 49’ + 0.9620 + 1.3043 + 0.5317 

The signs attached to log g, log 4, log z in the Ephemeris 
are the signs of g, #, and z, and not signs applying to their 
logarithms, as might naturally be supposed from the way in 
which they are printed. 

For the stated time, 0.05 day before Washington mean 
midnight of July 16th, following the order indicated by 


formula (10), 


a= ND LES eS 
Le -+ 1.00 
(4 not being given) tu = 0.00 


log 7s = 8.8239 
logg = 0.9619 
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G = 315° 40’, (G + @) = 221° 13’, log sin (G + a) = 9.8188, 
log tan 69 = 9.7217 


log deg sin (G + @) tan bo = 9.3263% 
tsg sin (G + @) tan do = — 0.21 
log 7 = 8.8239 
los 2 = 1.3043 
HT = 156° 52’, (H+ a) = 62° 25’, log sin (W+ a) = 9.9475 
log sec bo = 0.0532 


log -#% sin (H+ a) sec 69 = 0.1290 
qs% sin (H+ a) sec do = + 1.35 


@, at 17 42™, St. Louis Sidereal Time, July 16, 1892 =17" 42™ 168.00. 


The computation for 6, following the order of (11) is 
bo = 27° 47' 02.37 
Tu’ = (0.54)(— 0.76), [y’ is given = — 0”.76 in Boss’ list] = — 0 .4I 
log g = 0.9619 
log cos (G + @) = 9.8766, 


log g¢ cos (G+ @) = 0.8382 
ge cos(G + a) = — 6 .89 

log #4 = 1.3043 

log cos (H+ ) = 9.6656 

log sin 69 = 9.6685 


log 4 cos (H+ @) sin 69 = 0 6384 
Ah cos (4H + @) sin 5o = + 4 .35 


log 7 = 0.5363 
log cos do = 9.9468 


log z cos 6) = 0.4831 
Z cos Oo = + 3.04 
6, at 17" 42™. St. Louis Sidereal Time, July 16, 1892 = 27° 47’ 02’.46 
The above example shows how far out the computation 
needs to be carried. Where many star places are to be com- 
puted, the computation is materially shortened by using 
printed blank forms so arranged as to facilitate the work. 
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Especially convenient forms of that nature are in use in the 
Coast and Geodetic Survey. 

49. In computing a number of stars ona single night— 
which will usually be the case in dealing with latitudes 
observed with a zenith telescope—considerable time will be 
saved at an exceedingly small sacrifice of accuracy by the 
following procedure. First interpolate the values of the 
independent star-numbers for every whole hour from Wash- 
ington mean midnight for the period over which the oberva- 
tion extends. Then for each star use the interpolated value 
of each star-number for the nearest hour as interpolated, 
instead of making a special interpolation for each. 

For an account of the method of computation of the 
independent star-numbers, and the method of computing star 
places by the use of the Besselian star-numbers, see Doolittle’s 
Practical Astronomy, pp. 609-617; Chauvenet’s Astronomy, 
vol. I. pp. 645-651; and the Ephemeris, pp. 280-284 (of the 
volume for 1892). The Besselian star-numbers are not ordi- 
narily so convenient for the engineer as the independent star- 
numbers. 

If one has a great number of star places to compute, 
under certain conditions, the work may be abridged somewhat 
by using differential and graphic methods. For the details 
of a differential method which reduces the labor of computa- 
tion about one-half in case the place of each star is to be 
computed on three or more nights, see Coast and Geodetic 
Survey Report, 1888, pp. 465-470. A somewhat similar 
-method to be used when the places are to be computed for a 
few stars on many nights will be found in the Coast and 
Geodetic’ Survey Report-for 1892; Part ll pp.73-75.. ) hor 
a graphic method of reducing from the mean to the apparent 
place in declination, see Coast and Geodetic Survey Report, 


1895, pp. 371-380. 
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QUESTIONS AND EXAMPLES. 


50. 1. Ata certain instant in the forenoon of May 27, 
1892, the observed hour-angle of the Sun at Cornell Observa- 
tory was 2” 30" 41°. What was its apparent right ascension 
and declination at that instant ? Cornell is 2™ 16° east of 
Washington. The Ephemeris for 1892 (p. 380) gives for 
Washington apparent noon May 26th a= 4" 15™ 47°%.93, 
D2) 917 45°.3, houtly motionsin tight ascension = —- 
10°.141, hourly motion in declination = + 25”.16; and for 
Washington apparent noon May 27th a= 4" I9™ 518.57, 
6 = 21° 27’ 38.3, hourly motion in right ascension = + 
Io*.160, in declination = + 24’’.23. 

Ans. By interpolation along a tangent a = 4" I9™ 25°.67, 
Oh 21, 26 301 %25., 

By interpolation along a parabola a = 4" Ig™ 25%.67, 
6.= 21 -20° 36".4. 

2. What was the apparent declination of the Sun at 
PAI 32° AM. Greenwich mean time on Déc. 21, 1892 ? 
The Ephemeris for 1892 (p. 201) gives the apparent declina- 


tion of the Sun at Greenwich mean noon Dec. 2Ist = — 23° 
27’ 18.6, and its hourly motion = + 0.18; and for Dec. 
20th 6 = — 23° 27’ 08.7, with an hourly motion = — 
1’.00, ANS 823 12 VOLO: 


3. Work the preceding problem, as a check, from the fol- 
lowing data from the Ephemeris (p. 384): Declination of 
Sun at Washington mean noon Dec. 21st = — 23° 27’ 17”.0, 
hourly motion = + 0.43. Hourly motion for Washington 
mean noon Dec. 20th = — 0.75. Washington is 5" 8™ 128 
west of Greenwich. Ae 2 LO Os 

4. At a station 2" 58™ west of Washington the south 
zenith distance of Jupiter, at the instant of its meridian 
transit on July 16, 1892, was observed to be 29° 22’ 17”.4. 
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What was the latitude of the station? The apparent 
declination of Jupiter at its meridian transit at Washington is 
given in the Ephemeris (p. 404) as follows: July 15th + 7° 
56’ 11’’.8, July 16th + 7° 57’ 53’”.8, and July 17th + 7° 50’ 
NOY ANS. VB eee Tee Gees 

5. What was the right ascension and declination of the 
Moon at 8" 30™ 09° P.M. local mean time at Cornell April 8, 
1¢922 “Cornell is 5" 5™ 56° west of Greenwich. Inthe 
Ephemeris (p. 62) the position of the Moon is given for 
2 Aum. Greenwich méan-time, April oth, a = 1133" 43°.08, 
Om - 7 34° 02.25)“ dilierence: for 1 minute in) tiene 
ascension = + 1.7980; ‘‘ difference for 1 minute’’ in decli- 
nation = — 13’.192. The differences for I minute in right 
ascension and declination respectively at 1" A.M. are + 1°.8003 
and — 13’’.167. 

Ans. By interpolation along a tangent a = 11" 33™ 00%.gI, 
N= wh ee Ee, 

By interpolation along a parabola a = 11" 33™ 00°.g0, 
Dey) matey wive oe 

6. What was the apparent right ascension of the star A 
Aquarii at transit at Mount Hamilton, Cal., Sept. 1, 1892 ? 
For upper transit at Washington (Ephemeris, p. 362) on 


a. 
Aucust27th w= 22> 46-61 51 and = = + 08.10 per ten 
i da 
days., Also for Sept. 6thi a = 22~ 46" 1017.66, and Se + 


08.05 per ten days. The longitude of Mount Hamilton is 
2' 58™ 22° west of Washington. 

Ans. By interpolation along a chord a = 22" 47™ O1°.63. 

By interpolation along a tangent from Sept. 6th a = 22" 
475 O1?.O4. 

By interpolation along a parabola a = 22" 47™ 01°.63. 

7. For star BAC 5706 arg, = 16° 50™ 43°.9, Oye; = 46° 


§ 50. QUESTIONS AND EXAMPLES. 57, 


44° 31.22. Its annual variation in right ascension for that 
date = + 1°.721, and in declination (including proper motion) 
= — 6”.0105. What was its mean declination for 1895.0 ? 
ATS 50g = 40,42 93 leo, 
Bo Om thesstarees/) Geminorum) (w= O°) 07" 820408 


Lay, 

Rn -|- 3.022 per year, 6,,, = 22° 32° 27.18, annual pre- 
cession in declination = — 0.6415, annual proper motion in 
declination = — 0.0161. What is its mean declination for 
1892.0? LUIS a Ongg, a pD er 132 Le Dian 


Omibor theistar DAC 7440, a4 24210, 30°, 0. = — 
4° ol’ 11.30, and annual proper motion in declination = — 
Pi OCs. ee Or athe starred C7482 aya. — 20" 25 ATO gee 
66° 20’ 16’’.00, and annual proper motion = — 0’’.042. What 
was the apparent declination of each of these stars at transit 
on August gth and 16th at San Bernardino Ranch, Arizona, 
25 og™ west of Washington? The Ephemeris (pp. 289, 290) 
gives the following data for Washington mean midnight: 


Aug. 9. Aug. I0. Aug. 16. AU oye 
Tan coos eg Totals 0.64 0.61 0.63 0.63 
Ga ea BLO 33, SLOmee os 320° 38' 320° 54° 
UT isrea Naposnt ae 134° 38° Te Bioy 127° 38/ 126° 309" 
KO Bo on pace 1.0309 1.0328 T.0418 1.0449) 
oye 2 Reiclose 1.2907 1.2900 1.2863 1.2857 
OFZ stseod ¢ 0.7815 0.7879 0.8226 0.8276 


The sidereal time of mean midnight at Washington on 
Aug. gth was 21" 17”, and on Aug. 16th, 21> 44™. 
Ans. BAC 7440, Aug. oth, 6 = — 4° o1’ 03.43. 
Aug. 16th, d= — 4°01’ 0277.75. 
BAC TAS AUSROLN,<O 1.005 20-18 -.03% 
(NUS IOLD9O = 00 \20 210-26, 
10. Justify the half square in the last term of formula (9), 


@°O,, 
§ 42. That is, show that (9) is exact if a sO 
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Ay 
11. Show from formula (5), § 41, that =. cannot be 


negative for any star unless its declination is quite large 
(near 90°). What other condition must also be fulfilled ? 

12. Draw and explain the diagram called for in the 
parenthesis in § 38, showing the geometrical relation between 
the aberration, velocity of light, and velocity and direction 
of motion of the observer. 

13. Look in the Ephemeris and see whether z as given 
with the independent star-numbers for Jan. Oo of the ‘current 
year is zero. If not, why not? At what time during this 
year was it exactly zero? 
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CHAPTER JII. 
WSC, Sle AINE I 


51. The sextant is an instrument for measuring angles; 
especially useful at sea and on exploratory surveys because of 
its lightness and portability, and because it requires no fixed 
support. It also commends itself in certain other cases 
because results of a sufficient degree of accuracy can be 
obtained with it more conveniently than with larger instru- 
ments with fixed supports which might otherwise be employed. 

/It is principally used in astronomy for the determination of 
local time and of latitude at sea, and on explorations by land. 
It is also used extensively in hydrographic surveying for the 
measurement of horizontal angles serving to locate sound- 
ings. With it an angle may be measured from the deck of a 
rolling vessel where an engineer’s transit or a theodolite 
would be unavailable. 


Description of the Sextant. 


52. A view of a sextant is shown in Fig. 3. The main 
frame ABC carries a graduated arc, DZ, of which the center 
is at /; it carries a bearing at / which receives the axis (per- 
pendicular to the plane of the frame) about which the arm 
GF swings; a ring secured to the frame at / into which the 
telescope / is screwed and held in a fixed position relatively 
to the frame; a plane mirror at /, called the orzzon-glass, 
which is fixed to the frame in a plane perpendicular to it; and 
certain colored glasses at K and LZ, which may be used to 
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absorb some of the light when observing the Sun (or the 
Moon with a star), so that the images seen in the telescope 
may not be too bright for comfort. JV is the handle by which 
the sextant is held in the observer’s right hand. The arc 
DE is graduated to five-minute spaces, but has the gradua- 
tion marked upon it as zf each space were TEN minutes. The 
arm GF carries a vernier at G, which reads against the arc 
DE to five seconds (real). It is marked, however, as if it 
read to ten seconds. Any reading on the arc D& made by 
means of the vernier indicates, therefore, twice the angle 
between that position of the arm GF and the position corre- 
sponding to the zero reading. JZ is a smalJl glass used in 
reading the vernier. 

The arm GF also carries at / a plane mirror, called the 
index-glass, which is perpendicular to the plane of the frame 
for any position of the arm. The horizon-glass / has only 
that half of its surface which is nearest the sextant frame 
silvered. The other half is merely a plane clear glass, or is 
cut away entirely. The telescope / may be adjusted to 
such a distance from the sextant frame that the edge of the 
silvering of mirror / is in the axis of the telescope produced. 
The observer thus sees at the same time both the images 
reflected from the silvered surface and whatever may be in 
the line of sight of the telescope beyond the mirror. 


The Principle of the Sextant. 


58. The principle underlying sextant observations is indi- 
cated by Figs. 4 and 5. Suppose the sextant to be in perfect 
adjustment. Let OP, Fig. 4, be a ray of light, from a dis- 
tant object, which passes through the unsilvered portion of 
mirror /, without change of direction, into the telescope J/, 
parallel to its axis. Let QA bea ray of light, parallel to OP, 
which strikes the index-glass / The positions of / relative to 
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the arm F/G, and of / relative to the telescope, are such that 
if the reading of the arc taken from vernier G is zero the ray 
QR will be reflected from F along the line F/, and reflected 
again from the silvered portion of / along a line parallel to 
OP into the telescope. The image of the object from which 
QR came will therefore be seen in the telescope in coincidence 
with the image of the object from which OP came. To 
secure the above result mirrors / and / must, for this zero 
position of the arm, be parallel, and the perpendiculars to the 
mirrors, /S and /7, must bisect the angles QF/ and F/P. 
Note that the arc reading is the same as the angle (zero in 
this case) between the two rays of light QR and OP which 
eventually enter the telescope as parallel rays. 

Timiiows let-OP beras- before; but let.O 7’ be a-ray of 
light at an angle # with the ray OP (or with the ray QR of 
the preceding paragraph) and striking the index-glass. Evi- 
dently Q’R’ will not be reflected to / from F unless F is first 


rotated through the angle , by moving the arm FG to the 


position #G’. In this position of the mirror / the perpen- 
dicular FS’ will bisect the angle Q’#/. The angle GFG’ will 


be ie but on account of the peculiar graduation of the arc as 
2 


indicated in § 52 the reading of the arc will be 6. The ray 
F/ will evidently be reflected into the telescope, as before, 
along a line parallel to OP, and the object from which Q’R’ 
came will be seen in the telescope apparently in coincidence 
with the object from which OP came. Note that here, as 
before, the reading of the arc is the angle between the two 
rays of light Q’R’ and OP. 

So for any case, if the sextant is in perfect adjustment, 
the reading of the arc is the angle between two rays of light, 
one coming to the index-glass and the other through the un- 
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silvered portion of the horizon-glass, which finally reach the 
telescope as parallel rays and produce coincident images. 
When the images of two celestial objects, or any two objects 
at a great distance from the observer, are made to apparently 
coincide in the telescope the arc reading is the angle at the 
eye between the two objects, measured in the plane defined 
by the two objects and the eye. This plane may happen to 
be in a horizontal, a vertical, or an oblique position. If the 
two objects observed are at a comparatively short distance it 
may be necessary to take account of the fact that the angle 
indicated by the arc is the angle between the two objects 
from the point U in which Q’R’ produced intersects OP, and 
not the angle at the eye. The difference between these two 
angles is called the sextant parallax. 


Adjustments of the Sextant. 


54. To make the index-glass perpendicular to the plane of 
the sextant.*—Place the vernier near the middle of the arc. 
Hold the instrument with the arc away from you, and look 
obliquely into the index-glass in such a way as to see a por- 
tion of the arc both directly and by reflection at the same 
time. If the direct and reflected portions appear to form one 
continuous arc the adjustment is perfect. If not, the inclina- 
tion of the glass to the plane of the sextant must be changed 
by whatever means have been provided on that particular 
instrument. This adjustment once carefully made will not 
require frequent attention; for this reason some makers do 
not provide a convenient means of making it. 

55. Zo make the horizon-glass perpendicular to the plane of 
the sextant.—Having first adjusted the index-glass, point the 


* By ‘‘ plane of the sextant” is meant the plane of the graduated arc, 
to which the axis about which the arm rotates is necessarily perpendic- 
ular. 
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telescope to any well-defined object and move the vernier 
slowly back and forth past the zero. The reflected image 
will be seen moving back and forth past the direct image. 
If in passing it coincides with the direct image, the adjust- 
ment is perfect. If not, the correction must be made by use 
of the screws provided for that purpose at the back of the 
horizon-glass. With most sextants this adjustment must be 
inspected frequently. 

A star is the best object for this purpose. The Sun may 
also be employed. The accuracy will be increased by making 
the two images of the Sun appear of different colors by use 
of the colored glass shades. The sea horizon may be used by 
holding the plane of the sextant horizontal and keeping the 
arc reading nearly zero. 

56. Zo make the axts of the telescope parallel to the plane 
of the sextant.—Rotate the eye end of the telescope until 
two of the four dark lines seen in the telescope are parallel to 
the plane of the sextant.* Point the telescope to one of two 
objects at an angle of g0° or more apart. Bring the reflected 
image of the second object into contact with the image of the 
first at that one of the parallel lines which is apparently 
nearest the sextant frame. This may be done by rotating 
the sextant about the telescope as an axis until it is in the 
plane of the two objects and the eye, and then bringing the 
vernier to the proper reading by trial. Now move the instru- 
ment, without changing the vernier reading, so that the two 
images are upon the other of the two parallel lines. If the 
contact is still perfect no adjustment is required. Otherwise 
the ring into which the telescope is screwed must be adjusted 
to change the inclination of the telescope to the sextant plane 
until the above test fails to detect any error. 


* These lines are placed by the instrument-maker in symmetrical posi- 
tions on each side of the middle of the field of the telescope. All observa- 
tions are to be made at about the middle of the space defined by them. 
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This adjustment may also be made as follows: Place the 
sextant face upward on a table or other firm horizontal sup- 
port. Sight across in the plane of the graduation, or a 
parallel plane, and mark a point at that height and in line 
with the telescope, upon a wall distant fifteen feet or more. 
Measure upward from this point a distance equal to the 
measured distance at the sextant from the sight plane just 
used to the axis of the telescope, and mark this second point. 
The ring carrying the telescope must now be moved, if neces- 
sary, in such a way as to change the inclination of the tele- 
scope until this second point is exactly in the centre of the 
field of the telescope. 

It should be noted that when this adjustment has been 
accurately made a contact made upon one of the side lines 
will not necessarily be perfect when shifted to the middle of 
the field. The reading of the arc is slzghtly less for a contact 
made at the middle of the field than for one made on ezther 
side when all adjustments are perfect.* 

This adjustment will usually remain sensibly perfect for a 
long period. 

57. To make the index error zero.—The reading of the 
arc when the direct and reflected images of the same point t 
are made to coincide is called the zzdex error of the sextant. 
The negative of the index error is the zxdex correction, which 
evidently must be applied to every reading. To make the 
index error zero the horizon-glass may be rotated about a line 
perpendicular to the plane of the sextant. Screws for pro- 
ducing this rotation are often, though not always, provided 


* For a detailed statement of the theory of the errors arising from non- 
parallelism of telescope to the plane of the sextant, see Chauvenet’s 
Astronomy, vol. I, pp. 112-114. 

+ Provided, of course, that the point is so distant that the sextant 
parallax (§ 53) may be neglected. 
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by the sextant-maker. Since this adjustment cannot ordi- 
narily be depended upon to remain perfect even for a day, it 
is advisable to determine the index error at the time of each 
series of observations, and apply the derived correction, 
instead of trying to keep the value of the error down to zero 
by adjustment. When this procedure is adopted it is only 
necessary to make the adjustment at rare intervals when the 
index error has become inconveniently large. The method 
of determining the index error will be found in § 62. 


Directions for Observing the Sun’s Altitude with a Sextant to 
Determine the Local Time. 


58. The altitude of the Sun is a known function of the 
latitude of the station of observation, of the declination of the 
Sun, and of the local apparent solar time. Hence if the lati- 
tude and declination are known, and the altitude is measured, 
at a given instant, the local apparent solar time may be com- 
puted. From this the mean solar time may be derived. 

In determining the altitude of the Sun at a station on Jand 
the artificial horizon must be used. The artifical horizon is 
a shallow rectangular basin filled with mercury, molasses, or 
oil, protected from the wind by a roof consisting of two pieces 
of plate glass held ina suitable mounting. These glass plates 
each have faces which are as nearly as possible plane and 
parallel, so that rays of light may pass through them without 
unequal change of direction. 

Let WN, Fig. 6, represent the surface of the mercury in 
the artificial horizon. JZ is necessarily a horizontal surface, 
that is, a surface which is perpendicular at every point to the 
action line of gravity at that point. <A ray of light SB from 
the Sun will be reflected along a line BA in the same vertical 
plane with SB, and such that the angle VA is equal to the 
angle ZBS. An observer at A will see the reflected image 
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along the line AS’. He may also see the Sun directly along 
the line AS’. The distance AZ being very small as compared 
with the distance to the Sun, S’4 and SZ are sensibly parallel, 
and the angle S’AS”, which is to be measured with the 
sextant, is evidently the double altitude of the Sun. 

Before commencing the observations, the adjustments 
should be examined and corrected if necessary, the telescope 
should be carefully focused to give well-defined images of the 
Sun, and such colored glasses interposed in the path of the 
light that the two images of the Sun will be of about the 
same brightness, and dim enough so that continued gazing at 
them will not fatigue the eye. 

To begin observations, place the eye in such a position 
that an image of the Sun can be seen reflected from the arti- 
ficial horizon. Without moving the eye, bring the telescope 
of the sextant up to it, and point upon this image. Being 
careful to hold the plane of the sextant vertical, swing the 
vernier slowly back and forth along the arc. If this is done 
with sufficient care, a second image of the Sun, formed by 
light coming to the telescope by way of the index-glass, will 
be seen in the telescope when the vernier is near the reading 
of the arc corresponding to the double altitude of the Sun. 

For convenience let the two images of the Sun be called 
the horizon image and the index-glass image, respectively. 

If the observer has not had sufficient experience to handle 
the sextant with facility, it will be well for him at this point 
to familiarize himself with the following motions and their 
effects. Rotate the sextant about the telescope as an axis: 
the horizon image will appear to remain fixed while the index- 
glass image will appear to move sidewise horizontally. Move 
the vernier slowly along the arc, keeping the sextant frame 
and telescope fixed: the index-glass image will appear to 
move vertically, while the horizon image apparently remains 
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fixed. Rotate the sextant about a line in its plane perpen- 
dicular to the telescope at the eye end: the images will 
appear to move sidewise without change of relative position. 
Rotate the sextant about a line perpendicular to its plane at 
the eye: and the images will appear to move vertically with- 
out change of relative position. Move the eye horizontally 
in the vertical plane passing through the artificial horizon: 
and the horizon image will appear to be cut off by a straight 
line on the upper edge, or lower, as the eye is moved forward 
or backward. Similarly, if the eye is moved sidewise, the 
horizon image will be seen partially cut off by the side of the 
artificial horizon on one side or the other, as the case may be. 
The effects of these various movements of the sextant have 
been commented upon because the ease and rapidity with 
which one can use the sextant depends largely upon having 
accurate conceptions of these effects, as well as upon manual 
skill. To secure steadiness of the sextant, it is well, in addi- 
tion to holding it by the handle in the right hand, to rest the 
lower edge of the arc upon the fingers and thumb of the left 
hand. Care must be taken, however, not to touch the 
graduations at any time; nor to touch any part of the vernier 
arm, or of the clamp and screws attached to it, at the instant 
when an observation is made. 

59. The observer having secured control of the images, 
let them be placed so as to be near together, one above the 
other, and approaching each other, let us say. For the 
images will, in general, be moving relatively to each other, 
since the altitude of the Sun is continually changing. Clamp 
the vernier in this position. Pick up the beat of the chro- 
nometer.* Then watch the approaching images, keeping 
their adjacent portions about in the middle of the field of the 


* See § 60. 


68 GEODETIC ASTRONOMY. § 60. 


telescope, and carefully keeping one image vertically above 
the other. Note the exact time by the chronometer when 
the two images are first tangent to each other. Observe and 
record the corresponding reading of the vernier. Unclamp 
the vernier and place the images in about the same relative 
position as before, and repeat the process until six readings 
(say) of time and the corresponding angle have been made. 
Then repeat the whole process, with the difference that now 
the images are slightly overlapped at first and allowed to 
separate, the instant when the tangency of the images takes 
place being noted. To complete the observation of the Sun’s 
altitude it now remains to determine the index error (see 
§ 62). 

When a tangency is observed with images approaching, 
the noted time is too late unless the observer has accurately 
kept the images in the same vertical plane. The reverse is 
true of an observation made upon separating images. To 
guard against an error in locating the vertical plane, it is well 
to continually rotate the sextant very slightly back and forth 
around the telescope as an axis so as to be certain to secure 
the first, or last, tangency, as the case may be. 

60. To pick up the beat of the chronometer, first look at 
some second-mark two seconds or more ahead of the seconds 
hand. Fix the name of that second in mind as the seconds 
hand approaches it. Name it exactly with the tick at which 
the seconds hand reaches it, keeping the rhythm of the 
chronometer beat. Count it either aloud, in a whisper, or 
mentally. In counting it will be found easier to keep the 
rhythm if the names of the numerals are elided in such a way 
as to leave but a single staccato syllable in each. The half- 
second beat should be marked by the word “‘ half’’ thus: 
one, half; two, half; three. ..; twenty, half; twenty-oxe, 
half; twenty-two,...;andsoon. With practice, an observer 
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can carry the count of the beat for an indefinite period with- 
out looking at the chronometer face, provided he can hear 
the tick. If he becomes expert, he will even be able to carry 
the count for a half-minute or more during which he has not 
even heard the tick. When an observation is made of the 
time of tangency of two images, or of any other visual event, 
the eye observes the event and the chronometer is read by 
ear at the same instant. It is conducive to accuracy for the 
observer to acquire the habit of deciding definitely, at once, 
without hesitation, upon the second and fraction as soon as 
he has seen the event. He who hesitates is inaccurate. 

The observation of time may be made by the observer at 
the sextant calling “‘ tip,’’ at the instant of tangency, to an 
assistant who reads the face of the chronometer by eye. 
This is an easier process, but is also a much less accurate 
process than the one described above. The nerve times (or 
intervals of time required for the nerves concerned to perform 
their functions), and errors of judgment, of ¢wo men instead 
of one, enter into the result. Moreover, the assistant at the 
chronometer is observing an event which comes upon him 
suddenly instead of one of which he sees the gradual approach. 
If, however, an ordinary watch is used instead of a chronom- 
eter, it is necessary to let an assistant read the time, both on 
account of the faintness of the tick, and because it is difficult 
to carry by ear a beat of five ticks per second. 

61. The image of the Sun seen in the surface of the mer- 
cury is reversed by the reflection in such a way that the 
apparent upper edge, or 4md,* of the image is really the 
image of the lower limb of the Sun. The image of the Sun 
received by way of the index-glass and horizon-glass is 
reversed at each of the two reflecting surfaces, and is finally 


* The word dimé is here used in the technical sense, in which it means 
the edge of the visible disk—of the Sun, Moon, or other heavenly body. 
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seen as if no reversal had taken place. If, then, one makes 
the lower limb of the index-glass image tangent to the upper 
limb of the mercury image, there are really at the point of 
tangency two coincident images of the same point of the Sun, 
namely, the lower limb. If an inverting telescope is used 
both images are reversed again in addition to the reversals 
stated above. The record of observations must be made to 
show which limb of the Sun is used in each case. The object 
of making each complete set of observations include pointings 
upon each of the two limbs is the elimination of certain errors, 
which will be commented upon later (§ 74). 

62. To determine the index error, point the telescope at 
the Sun, with the vernier set near zero, and with the sextant 
in such a position that a line in the plane of the sextant per- 
pendicular to the telescope is horizontal. Make the direct 
and reflected images of the Sun tangent to each other, with 
the zero of the vernier on the positive part of the graduated 
arc, and read the vernier. Make the two images tangent to 
each other in the reverse position with the zero of the vernier 
on the negative portion of the graduated arc, and read the 
vernier again. Repeat the process two or three times for 
greater accuracy. Any reading on the positive portion of the 
arc evidently gives a measure of the Sun’s apparent diameter. 
So also does any reading on the negative arc. But these two 
measures are affected equally and in opposite directions by 
the index error. Hence both the index error and the Sun’s 
diameter become known. 

The Sun’s horizontal diameter is measured in order that 
the results may not be affected by the refraction * in the ver- 
tical plane. In making readings on the negative arc care 
must be taken to mentally reverse the numbering of the 
graduations on the vernier. 


* See §§ 67-60. 
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EXAMPLE OF RECORD. 


63. Determination of Time by Sextant Observations upon 
the Sun. 


Astronomical Station No. Io. 


Latitude 31° 19’ 35” Longitude 2°12™ west of Washington. 
Date—October 14, 1892, A.M. Observer—J. F. H. 
Chronometer—Dent No. 2186. Sextant—Greenough No. 2083. 
Thermometer Reading, 17° C. Barometer Reading, 25.56 in. (Aneroid). 
Reading of Arc. Reading of Arc. 
On Sun’s Chronometer Time. On Sun’s Chronometer Time. 
Upper Limb. Lower Limb. 
64° 40’ 00” Tr o1™ 45550 65° 40’ 00” IT) 07™ 9378.5 
65 00 oOo Oy 2%) £0) 66 00 oOo 08 36.0 
65 20 00 O35 BL oO 66 20 00 09 35.0 
65 40 00 Of 2005 66 40 00 IO 33.5 
66 00 oO OR Oi of 67 00 oO TIes334.0 
66 20 00 0692267-0 67 20 00 E25 3305 


DETERMINATION OF INDEX ERROR. 


By Measurement of Sun’s Horizontal Diameter. 


Readings on Arc, Readings on Negative Arc. 
32’ 4ow Bhi 40” 
3230 3% 40 


Each half of the above set of observations was computed 
separately. The computation for the first half of the set, on 
Sun’s upper limb, is given below. The explanation of the 
computation follows ($§ 65-70). 


64. Computation. 
Mean reading of arc, 65° 30’ 00” Index Error. 
Index error = 7 = —28 Mean reading onarc = 32’ 35” 
Eccentricity (not Mean reading on neg- 
determined) = 00 ative arc =n te Ald 
2An 65 29 32 Diff. = rOO eS 54 


ll tl 


Approx. altitude = 4x 
Sun’s semi-diameter 

Parallax = p = + 07 . 
Refraction = & 


32 44 46 4 Diff.=Index error = 7=—00' 28” 
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Altitude = 4 = BD Dip BE 
Zenith distance = € = By ee be 
Latitude = ® = BH 1), SE log cos P=9.9315695 
Declination = 6 =—8 29 33 log cos 6=9.9952117 
(p— 4) = 39 49 08 99267812 
HS + (@ — 6)] = 48 40 48 log sin 4[6 + (@ — 6)]=9.8756596 
4[S — (@— 4)] = Gil 20) log sin 4[€ — (@ — 6)]=9.1876329 
9.0632925 
log sin? 3¢ =9.1365113 
3 = URE figy Oe log sin 4 =9.5682556 
t =hour-angle Ga OME 
T4 =apparent solartime= 9" 06™ 15%.2 
# =Equationoftime = —14 08.6 
Tm =Mean solar time = 5 O56 
Wie Time by chronom- 
eter 
=Mean of six given 
readings = i) Of C3 
A7T-=Chronometer cor- 
rection Sy the Beha 


Explanation of Record and Computation. 


65. The above observations were made at uniform inter- 
vals of 20’ on the sextant arc by setting the vernier before 
each observation to that exact reading, instead of taking the 
readings on the arc after each random pointing. A rough 
method of detecting any single wild observation was furnished 
by the fact that the time intervals between successive read- 
ings must be nearly the same throughout. 

The mean of the arc readings is assumed to correspond to 
the mean of the observed chronometer times. This would 
be strictly true if the rate of change of the Sun’s altitude, as 
affected by refraction, were constant during the period 
covered by each half set of observations. The rate of change 
varies so little during this short interval that the error intro- 
duced is negligible. 
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The method of computing the index error has already 
been indicated (§ 62). 

The eccentricity of this sextant had not been determined, 
but was known to be small. For the method of determining 
eccentricity, see § 76. 

Half the corrected reading of the sextant is the approx7- 
mate altitude of the Sun, to which must be applied the cor- 
rections for the Sun’s semi-diameter, for parallax, and for 
refraction, as indicated in the following sections. 

The pointings were made upon the Sun’s upper limb. 
But the position of the Sun as given in the Ephemeris is for 
the Sun’s center. Hence the angle subtended at the observer 
by the Sun’s semi-diameter must be subtracted to reduce the 
altitude to the value which would have been obtained had 
the observations been made upon the center. This angular 
semi-diameter of the Sun is given in the Ephemeris (pp. 
377-384 of the volume for 1892) for every day at Washington 
apparent noon. It can be obtained for any other time with 
all needful accuracy by an interpolation along a chord. 


Parallax. 


66. Moreover, since the right ascension and declination of 
the Sun define its position on the celestial sphere as seen 
from the Earth’s center, it is necessary to reduce the observed 
altitude to what it would have been had the observer placed 
himself at the center of the Earth and had used the same 
horizon as before. 

In Fig. 7, let S represent the position of the Sun’s center, 
and let the circle B/C represent a section of the Earth made 
by a plane passing through the observer, at 4, and the centers 
Ofsthe ounvand Earth sat Sand: C, respectively. Let GD 
represent the plane of the observer’s horizon. Let CZ be 
parallel to BD. Then DBS is the altitude of the Sun as seen 
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by an observer at B. ECS is the altitude that would be 
observed by him if he were at the Earth’s center and used a 
horizon plane parallel to the one he used at B. The differ- 
ence between these two angles, which is evidently equal to 
the angle BSC, is the reduction required. 

In general, the parallax of an object is its apparent dis- 
placement due to a change in the position of the observer. 
The parallax of any celestial object is the difference of direc- 
tion of two straight lines drawn to it from two different points 
of view. It is, then, the angle at the object between the two 
straight lines drawn to it from the two points from which it 
is supposed to be viewed. The word parallax, unmodified, 
will be used in this book to indicate the difference of direction 
of a celestial object as seen from the center of the Earth and 
from astation on the surface. The horizontal parallax is the 
parallax for an object which is 22 the hortzon of the observer. 
The eguatortal horizontal parallax is the parallax of a celestial 
object seen in the horizon by an observer at a station on the 
Earth's equator. 

In Fig. 7, if S’ represents a position of the Sun in the 
horizon of the observer at &, the angle BS’C is the horizontal 
parallax of the Sun. It is the angle subtended at the Sun by 
the radius BC of the Earth. If , is the horizontal parallax 
of the Sun in seconds of arc, 7 is the radius of the Earth, and 
d, is the distance between the centers of the Earth and Sun, 
then 


“ 7/ 
Ps = Fan 7 = about 9 Set cabs: ater ie eer ali) 
The exact value of the equatorial horizontal parallax of 
the Sun is given in the Ephemeris at intervals of ten days 
(p. 278 of the volume for 1892). The different radii of the 
Earth are so nearly equal that the Sun’s horizontal parallax 
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for a station anywhere on the surface will not differ from that 
for an equatorial station by more than 0”.03,—a quantity 
which may be disregarded for our present purpose. 

Returning to the figure, let BH be drawn perpendicular 
to CS. If p is the parallax of the Sun at any position, S, 
above the horizon, then, keeping in mind that / and J, are 
very small angles, 


p:f,= BH: BC, 
or 


af COSA Gt dee “oe ng) 


The table in § 293, abridged from Connaissances des 
Temps, serves to give the parallax of the Sun for any date 
and altitude. The distance of the Sun is so nearly the same 
for the same date in different years that the table may be used 
for any year for several centuries to come. 


Refraction. 


67. The path of a ray of light from any celestial object to 
an observer upon the Earth’s surface is, to the best of our 
knowledge, a straight line until the ray enters the Earth’s 
atmosphere. From that point onward the ray encounters at 
each successive element of its path a stratum of air which is 
more dense than the stratum left behind, since the density of 
the air continually increases from the top downward with the 
increasing pressure due to weight of the superincumbent 
strata. The ray is, therefore, continually being refracted, or 
bent, out of the straight line, and this portion of its path is 
a curve. 

The two general laws of refraction are: That when a ray 
passes from a rarer to a denser medium it is refracted toward 
the normal to the separating surface by an amount which is a 
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function of the angle between the ray and the normal, and of 
the densities of the two media; and that a plane containing 
the normal and the original ray also contains the refracted 
ray. The refraction is reversed in passing from a denser to 
a rarer medium. 

Let Fig. 8 represent a portion of a section of the Earth 
and its atmosphere made by a plane passing through the 
center of the Earth and the straight portion of a ray of light 
from the celestial object O to the point of incidence, a, of the 
ray with the Earth’s atmosphere. At a the ray is refracted 
out of the straight line Oa to a new direction ad, nearer to 
the normal aC, and still in the plane Oa2C. At the point 6 at 
which the ray passes to a denser stratum the ray is again 
bent, toward the normal JC, to the new direction dc. The 
ray is thus refracted at the successive points a, 0, ¢, d, etc., 
remaining always in the plane OaC until it finally reaches the 
observer at A. In reality the path is a continuous curve, 
since the increase of density is continuous. An observer at 
A sees the object in the direction AO’ along the tangent at 
A to the path of the ray. The angle between the original 
direction of the ray, Oa, and its final direction, O’A, is called 
the astronomical refraction, or, for convenience, simply the 
refraction. At should be noted that the refraction as de- 
scribed above affects altitudes directly, always making the 
observed altitude too great, but has no effect on azimuth. 

In the above treatment it is assumed that the various 
strata of air are horizontal at every point. For a statement 
of the extent to which the azimuth is affected by refraction 
because of the error of the above assumption, see § 219. 

Even if the law of variation of density of the air with the 
height were a simple one, the computation of the refraction 
would be acomplicated process. But:'the laws governing the 
variation of density are themselves complicated, and not 
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thoroughly known. Hence the theory of refraction is long 
and difficult. The treatment of refraction in this book will 
therefore be limited to an explanation of the tables given in 
§$§ 294-297, which contain the results of the astronomer’s 
investigations in convenient form for the engineer. 

68. § 294 gives the mean refraction,* or refraction under 
the mean conditions, at the station of observation, stated at 
the head of the table, viz., pressure 760 mm. (= 29.9 in.) 
and temperature 10° C. (= 50° F.). The mean refraction is 
a function of the altitude, since the refraction of a ray of light 
in passing from one medium into another is a function of the 
angle between the ray and the normal to the dividing surface. 

§ 295 gives the factor, Cz, by which the mean refraction 
must be multiplied if the reading of the barometer is not 
exactly 760 mm. The argument of this table is the barom- 
eter reading uncorrected for temperature, but corrected if 
necessary for its index error when its temperature is 10° C. 
If a mercurial barometer is used with a brass reading-scale 
it is necessary to apply a correction to the reading to take 
account of the difference of expansion of the brass scale and 
the mercury. This correction is usually applied directly as a 
correction to the barometer reading. But for convenience, in 
dealing with refractions, it has been expressed as a correction 
to the mean refraction, and is given in § 297 in terms of 
the reading of the thermometer which is attached to the 


*This table was obtained by combining the table of mean refractions 
given in Doolittle’s Practical Astronomy, p. 628, with that given in the 
Connaissances des Temps for 1897, p. 658. The values of Prof. Doolittle’s 
table were first reduced to the same basis as those of the French table, and 
then the indiscriminate mean of corresponding values taken. Prof. Doo- 
little’s table is said to be based upon Bessel’s tables, which in turn were 
based upon certain long series of observations as reduced by Bessel, using 
the theory of refraction elaborated by him. The French tables, on the 
other hand, depend upon other observations and upon a different theory— 
that of Laplace. 
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barometer. In case the barometer used is not of the kind 
referred to above,—if, for example, it is a mercurial barome- 
ter with an ivory or steel scale, or if it is an aneroid,—the 
proper corrections (including the temperature correction) must 
be applied to its readings to reduce to millimeters of mercury 
at 10° C., and then the table of § 295 must be used, but that 
of § 297 ignored. 

§ 296 shows the factor, C , by which the mean refraction 
must be multiplied to take into account the temperature of 
the open air at the station of observation. 

To sum up, the refraction R, as computed from these 
tables, is 


ian (Gn iC (Ca) Wea at neeenemnE A) 


in which Ry is the mean refraction as given in § 294, and C,, 
Cp, and Cy, are the factors given in §§$ 295-297. 

The density of the air along the line of sight, and there- 
fore the refraction, is dependent upon the pressure and 
temperature at all points along that line.* But observations 
of temperature and pressure ,can be made at the station of 
observation only. The refraction is expressed, as above, in 
terms of the pressure and temperature at the station, and the 
temperature and pressure are assumed to vary with the height 
according to certain laws which depend to a considerable 
extent upon theory only. 

69. It is in order here to inquire what errors may be 
expected in the refractions as thus computed. The values 
for Ry as derived from a long series of observations, extending 
over several years, at one observatory when compared with 
the corresponding values derived from a similar series at 


*Tt is also dependent to a very small extent upon the humidity of the 
air,—to so small an extent, however, that no attempt is ordinarily made to 
take the humidity into account. 
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another observatory are found to differ in an extreme case by 
as much as 0.5%,* and differences of half that amount are not 
infrequent. No table of refractions can, therefore, be de- 
pended upon to give even the average refraction for a term 
of years at an arbitrarily chosen station within 74, part of its 
true value. The error of the refraction for any one observa- 
tion, as derived from any table, must be uncertain to a much 
greater extent. It is probable that the refraction corre- 
sponding to any single observation as computed by the use of 
any available tables or formule will often be in error by more 
than 1%.t This amounts to 0”.0 to 0”.5 for altitudes from 
GO-tous0 , 0 .5, t0.J, .5 foraltitudes from §0°-to. 20°, 1.5 to 
3.0 for altitudes from 20° to 10°, and increases rapidly for 
smaller altitudes. From considerations which may not be 
entered into here it seems probable that the refractions above 
50° of altitude are subject to greater uncertainty than that 
indicated above. 

Theories of astronomical refraction all depend upon the 
assumption that surfaces of equal density in the atmosphere 
are everywhere horizontal, and that the density varies with the 
height according to some fired law. If one reflects upon the 
unceasing changes of pressure in the air as indicated by the 
winds and by the fluctuating barometer, upon the large and 
irregular changes in temperature near the Earth’s surface, 
and upon the continual changes in humidity indicated by the 


* Astronomical Papers, American Ephemeris and Nautical Almanac, 
vol. 11. Part vi. 

+ This is the reason why the more cumbersome and more accurate 
method of computing the refraction by Bessel’s factors has been omitted 
in this book. With the limited number of observations which the engineer 
usually makes in determining any one quantity, the actual accuracy of the 
final result attained by the use of the tables given will not differ sensibly 
from that which would be obtained with a greater expenditure of time from 
other tables or formule. 
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evanescent clouds, the large margin of uncertainty in the 
refraction stated above seems not only reasonable, but in- 
evitable. If, however, more direct evidence is needed to 
convince one, it will usually be found in making any long 
series of astronomical observations in our climate. For, on 
some nights, in attempting to make an accurate pointing upon 
a star with a telescope it may be observed to be apparently 
oscillating irregularly through a range of three or four seconds 
(say) about its mean position on account of momentary 
changes in refraction. 


Derivation of Formula. 


70. The three corrections for Sun’s semi-diameter, paral- 
lax, and refraction being applied to the approximate altitude 
A,, the result is the measured altitude, A, of the Sun’s 
center. The complement of this altitude, or the zenith dis- 
tance, C, of the Sun’s center, is a side of the spherical triangle 
(Fig. 9) Sun-zenith-pole, upon the celestial sphere. The arc 
zenith to pole of that triangle is the complement of the lati- 
tude, which is supposed to be known. The declination of 
the Sun at the instant of observation may be obtained from 
the Ephemeris by interpolation along a tangent as indicated 
in § 35. The necessary interpolation extends over the inter- 
val from the nearest Washington mean noon. To obtain this 
interval one may assume an error for the chronometer (to be 
checked later). For this purpose it is only necessary to 
know the error within one minute. For example, in the 
computation in hand it was known from previous observa- 
tions that the error of the chronometer on Washington mean 
time was about o”. The Washington mean time of observa- 
tion was then 11” 04", and the interpolation interval 56™. 
The complement of the declination is the third side, Sun to 
pole, of the spherical triangle Sun-zenith-pole. The three 


- in which 5 
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arcs of this spherical triangle being known, the angle at the 
pole, which is the hour-angle of the Sun, may be computed 
by spherical trigonometry. 

Let A,, &,, and C, be the angles of any spherical triangle, 
and a, 0, and c, the sides opposite, respectively. From 
spherical trigonometry 


ney ee ee (s — 4,) sin (s — a) ence 


sin 8, sin ce 


Gt OG 
Spey ON 


In the triangle Sun-zenith-pole let A, be the angle at the 
pole, namely, the hour-angle of the Sun, ¢. Let 4, be the 
side zenith to pole (= go° — @), and ¢, be the side Sun to 
pole (= 90° — 9). a, must be €, the zenith distance of the 
Sun. Making the substitutions indicated, squaring both 
members of the equation, and simplifying, there is obtained 


_ sin HE + (4 — 6)] sin a[¢ — (g — 8)} 


cos @ cos 6 


sin’ 42 » (16) 
by the use of which the hour-angle may be computed as in- 
dicated in § 64. 

The hour-angle subtracted from 12%, the Sun being east 
of the meridian, is the local apparent solar time, 7. The 
equation of time, & (see § 20), may be obtained from the 
Ephemeris with sufficient accuracy by an interpolation along 
a chord from the nearest Washington apparent noon. 74+ 
is the local mean solar time, 7y,. 47¢, the correction to the 
chronometer to give local mean time, is evidently the differ- 
ence between 7, the reading of the chronometer, and 7yy. 
It should be kept definitely in mind that 47; is strictly the 
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correction to the reading of the chronometer only at the one 
instant when the reading of the chronometer is 7. At any 
other instant the chronometer will have a different correction, 
depending upon its rate. 

If the chronometer used in the sextant observations keeps 
mean time, and it is proposed to obtain from it the error of a 
sidereal chronometer, the two chronometers should be com- 
pared by the method indicated in § 250. 


Discussion of Errors. 


71. The various errors which affect the final result in any 
astronomical observation may be grouped in three classes: 
Ist, external errors, or errors arising from conditions outside 
the instrument and observer; 2d, zustrumental errors, or 
errors due to the instrument, arising from lack of perfect 
adjustment, from imperfect construction, from instability of 
the relative positions of different parts, etc.; 3d, odserver’s 
errors, or errors due directly to the inaccuracies of the 
observer, arising from his unavoidable errors in judgment as 
to what he sees and hears, and from the fact that his nerves 
and brain do not act instantaneously. By the phrase errors 
of observation is meant the errors arising from all these sources 
combined. 


External Errors. 


72. Following the order indicated above, let us first con- 
sider the errors arising from conditions outside the instrument 
and observer. 

The accuracy of a determination of time from observations 
upon the Sun depends largely upon the part of the day at 
which the observations are made. Near apparent noon the 
altitude of the Sun is changing quite slowly. A few hours 
later or earlier the change of altitude is comparatively rapid. 
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Evidently, the effect of a given error in the measured altitude 
upon the computed time will be less the greater is the rate of 
change of the altitude. It may be shown from the differen- 
tial formule * applicable to the spherical triangle used in the 
preceding computation (§ 70), that this rate of change is 
greatest when the Sun is in the prime vertical, or when it is 
nearest the prime vertical in case it does not reach it while 
above the horizon. This condition by itself would fix the 
most favorable time for observations at sunrise or sunset 
during the months when the Sun is south of the equator, and 
from three to six hours from the meridian during the 
remainder of the year, for nearly all points in the United 
States. 

Another condition, however, must also be considered in 
determining the most favorable time for observing. As indi- 
cated in § 69, the uncertainty in the computed refraction 
increases rapidly as the altitude diminishes. In so far, then, 
as the refraction is concerned, the nearer to apparent noon the 
observations are made the better. Taking both conditions 
into account the most favorable time for observing is from 
two to four hours from the meridian. Within these limits 
and for stations in the United States (excluding Alaska) the 
rate of change of altitude is from 5 to 14 seconds of arc per 
second of time, and the error in the derived chronometer cor- 
rection arising from the uncertainty of the computed refrac- 
tion, adopting the estimate of that uncertainty as given in 
§ 69, may be from 0%.o2 under the most favorable conditions 
(latitude 24° 30’, midsummer) to 0%.5 for an observation at 
two hours from the meridian in latitude 49° in midwinter, or 
even 2° if this last observation is made near sunrise or sunset. 


* See Chauvenet’s Astronomy, vol. I. pp. 213, 214; or Doolittle’s Prac- 
tical Astronomy, p. 223. 


f 


84 GEODETIC ASTRONOMY. C735 


The position of the Sun is so well determined that there 
is no sensible error in the result from that cause. 


Instrumental Errors. 


73. If the telescope is not perfectly focused upon the 
Sun, or if the colored glasses introduced make the images of 
the Sun very dim, or leave them too bright to be gazed at 
with comfort, there is a tendency to see the images either 
larger or smaller than they really are, and so to misjudge the 
position of tangency. This is not eliminated by the determi- 
nation of index error, as described in § 62, for the effect 
would be to increase (or decrease) both plus and minus read- 
ings by the same amount, and so leave the computed index 
error unchanged. But it is eliminated by taking half of the 
observations on the upper limb of the Sun and half on the 
lower limb, as shown in the set of observations given in § 63. 

The inclination of the index-glass to the perpendicular to 
the sextant plane, and the inclination of the axis of the tele- 
scope to that plane, combine to produce an error which varies 
as the tangent of one-quarter of the measured angle.* The 
error of adjustment of the index-glass and of the telescope 
may each be made less than 5’ by the methods given in 
§§ 54, 56. If each is 5’, the maximum error introduced into 
a measured angle of 120° is 4’.0, and for other angles in the 
ratio indicated above. This error is therefore small provided 
the adjustments are carefully made and frequently verified, 
but it is sensibly a constant affecting the mean of a set of 
observations made at nearly the same reading of the arc. If 
the telescope is parallel to the plane of the sextant, but, in 
observing, the contacts are made with the images out of the 
center of the field, the sight line is inclined to the plane of the 


* Chauvenet’s Astronomy, vol. Il. p. 116. 
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sextant, and the effect on the measured angle is the same as 
if the telescope were so inclined. It is important, therefore, 
that every observation should be made nearly in the middle 
of the field of the telescope. 

If the horizon-glass is not perpendicular to the plane of 
the sextant, the error introduced is greater the smaller the 
angle observed, and will ordinarily be appreciable only in the 
determination of the index error. In determining the index 
error by observing the Sun’s semi-diameter, the error in any 
one reading from this cause will be less than 1’ even if the 
horizon-glass is inclined as much as 30” to its normal position 
(which is about the maximum error of this adjustment made 
as indicated in § 55). This error is eliminated from the 
derived index correction, for both positive and negative read- 
ings are numerically too small by the same amount. 

If the center about which the index-arm swings does not 
coincide with the center about which the graduated arc is 
described, an error due to this eccentricity will be introduced 
into every reading. The magnitude of this error will evi- 
dently depend upon the size of the angle measured as well as 
upon other conditions. See § 76 for the method of deter- 
mining, and correcting for, eccentricity. , 

The errors treated in the last three paragraphs are func- 
tions of the angle measured, but are constant for a given 
reading of the sextant so long as the condition of the instru- 
ment remains unchanged. Their effect may therefore be 
eliminated almost wholly from the final result in determining 
time by measured altitudes of the Sun, by making observa- 
tions both in the forenoon and afternoon at about the same 
altitude. The computed altitude will be too great, or too 
small, by the same amount in both cases, if the two altitudes 
are equal, and one computed time will be as much too late as 
the other is too early. This procedure will also eliminate the 
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error in the computed time arising from an error in the 
assumed latitude. 

The errors arising from changes in the relative position of 
different parts of the sextant due to stresses or to changes of 
temperature are probably small in comparison with the other 
errors considered under the next heading. So also are the 
errors of graduation of the sextant arc. 

The error which may arise from either or both glasses of 
the horizon roof being prismatic instead of plane, may be 
eliminated by reversing the roof when half the observations 
have been taken. 

To avoid errors arising from the prismatic form of the 
shades, some instrument-makers provide a contrivance by 
which the colored shades may be rotated 180° from their 
original position; but it is better to use colored shades 
between the eyepiece and the eye instead of the colored 
shades in front of the index and horizon glasses. <A shade in 
this position may be of a prismatic form without vitiating the 
observed results. 


Observer’s Errors. 


74. The errors which are classed as instrumenta! depend 
to a considerable extent upon the care and judgment with 
which the sextant is manipulated. But aside from the 
manipulation, which is an important as well as a difficult 
portion of the observer’s duty, the final result also depends 
upon his estimates of the positions of contact of the two 
images and of the chronometer times of those contacts. 

His estimate of the position of contact is subject to both 
an accidental and a constant error.* The accidental error 


* A constant error is one which has the same effect upon all the observa- 
tions of the series, or portion of a series, under consideration. Accidental 
errors are not constant from observation to observation; they are as apt to 
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depends mainly upon the personality and experience of the 
observer and the care with which he observes, but also toa 
certain extent upon the steadiness of the refraction, the power 
of the telescope, the brightness and definition of the images, 
and the physical conditions affecting the observer’s comfort. 
A probable error of + 14’’ seems from various recorded series 
of observations to be a fair estimate of the accidental error in 
a single measurement of the Sun’s double altitude by an 
experienced observer with an ordinary sextant under average 
conditions. The accidental error in the mean of twelve 
observations constituting a set is on this basis + 14” 
+ ¥V12=4". This corresponds, for observations taken in 
the United States when the Sun is observed from two to four 
hours from the meridian, to -— 0°.15 to + 0%.40. The con- 
stant error of the observer’s estimate of the position of contact 
is eliminated from the mean for a set if half the observations 
are taken upon the Sun’s upper limb and half upon the lower. 

The observer’s estimate of the ¢zme of contact is also 
subject to both an accidental and a constant error. The 
accidental error, judging from time observations made with a 
transit instrument, is about + o*.1 for a single observation, 
or + 0°.03 for a mean of twelve observations constituting a 
set,—a small error as compared with that arising from the 
uncertainty of the fosztzon of contact. The constant error 
made in estimating the time, or personal equation* of the 
observer, may be as great as 0°.5 for some men. It affects 
all the observations of a set alike. 


be minus as plus, and they presumably follow the law of error which is 
the basis of the theory of least squares. It is then the effect of accidental 
errors upon the final result, which may be diminished by continued repe- 
tition of the observations and by the least square methods of computa- 
tion, whereas the effect of constant errors must be eliminated by other 
processes. 

* See § 125. 
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Error of the Computed Time. 


75. The mean result from a set of observations such as 
that given in § 63 is subject, then, to an accidental error of 
about + 0°.25, on an average, arising almost entirely from 
the observer’s accidental errors. It is also subject to an error 
which is constant for the set, arising from uneliminated instru- 
mental errors and the error of the computed refraction (neglect- 
ing for the time being the personal equation of the observer). 
A fair estimate of this constant error under average field con- 
ditions seems to be + 0%.25. This makes the probable error 


of the result from the set about V 0.25" =| 0.25 == Oane 
aside from personal equation. It is evident from the above 
estimate that increasing the number of observations in a set, 
or number of sets taken under the same circumstances, 
diminishes the final error but little (only one term under the 
radical above being reduced). The constant instrumental 
error may, however, be almost entirely eliminated by making 
observations at about the same altitude in both forenoon and 
afternoon as indicated in § 73. . There is no feasible way of 
eliminating the personal equation error in the field. 

The above estimate of the errors from various sources 
is believed to be a fair one for average conditions. A 
special investigation for a particular observer and set of con- 
ditions may show errors either somewhat smaller or much 
larger than those indicated. 


Correction for Eccentricity. 


76. Unless the center about which the index-arm swings 
coincides exactly with the center of the graduation, every 
sextant reading will be in error by the effect of this eccen- 
tricity (as noted in § 73), which effect is different for readings 
taken on different parts of the arc. To eliminate the effect 
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of eccentricity upon the sextant readings one may proceed as 
follows: 

First. The values of angles as measured with the sextant 
may be compared with their true values determined in some 
other way. 

For example, the angles between certain terrestrial objects 

may be measured with the sextant and then with a good 
theodolite. In making this comparison it must be kept in 
mind that a theodolite as ordinarily used measures horizontal 
and vertical angles, while the sextant measures directly the 
angle between the two objects in the plane (horizontal, 
oblique, or vertical) passing through the two objects and the 
sextant. Also, in this case, the sextant parallax, § 53, must 
be taken into consideration unless the objects are very 
distant. , 
The angular distance between two known stars may be 
observed and compared with its value as computed from the 
known right ascensions and declinations of the stars, corrected 
for the effect of refraction at the time of observation. This 
computation will be found, unfortunately, to be rather 
laborious. 

Or, the altitude of a known star (or of the Sun) may be 
measured at a known time at a station of which the latitude 
is known. The true altitude of the star may be computed, 
and becomes comparable, after correction for refraction, with 
that measured with the sextant. iy 

Second. For each sextant observation which is compared 
with a known angle an observation equation of the form 


eK Vita Ue ae ah, eta gs (LA) 


is formed, in which x, y, and v are unknowns to be deter- 
mined, and D, = 6, — §,, is the difference between the true 
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value of the angle 9 and the measured value 4,. 6,, is the 
reading of the sextant corrected for index error. 


J : On 6, d K si 6, ( 8 
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Third. The most probable values of x, y, and wv are 
determined from these observation equations by the method 
of least squares. 

Fourth. These values of z, y, and v may now be substi- 
tuted in equation (17) and a table of corrections computed by 
SMOstitutine sO ,.1O.020.,0.0, .sSUCCESSIVELWOrEG., 
sponding computed values of D, being evidently the correc- 
tions for eccentricity which must be applied to measured 


the corre- 


angles.* 

So many and such accurate observations are required for 
a satisfactory determination of the eccentricity of a sextant 
that it will usually be found more convenient to eliminate the 
effect of eccentricity upon time observations by observing 
both in the forenoon and afternoon with the Sun at about the 
same altitude, as indicated in § 73. But in sextant observa- 
tions for latitude a special determination of the eccentricity 
is necessary if the highest attainable degree of accuracy is 
desired. 


Other Uses of the Sextant. 


77. In determining time with a sextant by the preceding 
method the latitude is supposed to be known. If, conversely, 
the time of observation of the altitude of the Sun (or a star) 


* This method of determining the corrections to be applied for eccen- 
tricity, which is here given in condensed form, and without the derivation 
of the formule, will be found treated in full in Doolittle’s Practical 
Astronomy, pp. 196-206. Certain refinements there given, which add much 
to the labor of computation and little to the accuracy of the computed 
result, have here been omitted. 
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is known, the latitude of the station may be computed by the 
method of § 171, or by that of § 172, if the observation is 
made near the meridian. The most favorable time for thus 
determining the latitude by observations upon the Sun is 
about apparent noon, for then the altitude is changing very 
slowly, and hence an error in time will have but little influence 
on the computed result. The refraction is also a minimum 
at apparent noon. 

78. At sea, observations with the sextant for time are 
usually made in the middle of the forenoon and of the after- 
noon, and for latitude at apparent noon. To make this lati- 
tude observation the Sun is watched with a sextant for a few 
minutes before apparent noon, as its altitude increases slowly 
at a diminishing rate. The observation is made when the 
altitude stops increasing and is at its maximum. With suffi- 
cient accuracy it may be assumed that the Sun is then on the 
meridian, and that therefore the latitude is the declination of 
the Sun plus its south zenith distance. In observing at sea 
the natural horizon is used, and an allowance must be made 
for the dip of the horizon, or downward inclination of the line 
of sight to the apparent horizon, due to the height of the sex- 
tant above the surface of the sea (see table, § 298 *). The 
observation of latitude and of local time serves to locate the 
observer at sea, provided he also knows the Greenwich time 
of the observation. This last he obtains from the known rate 
of his chronometer and its known error on Greenwich time at 
some previous date. 

79. An observation at sea of the altitude, at a known 
instant of Greenwich time, of any celestial object (Sun, 
Moon, planet, or star) serves to locate the observer upon an 


* This table is reproduced, with a slight extension, from Chauvenet’s 
Astronomy. It is computed for a mean state of the atmosphere, 
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arc of a small circle on the Earth’s surface, of which the pole 
is at a point in the line joining the object and the Earth’s 
center, and of which the polar distance is equal to the 
observed zenith distance of the object. This small circle, or 
such a portion of it as is necessary, may be plotted on a 
sphere or chart. A second such observation on an object in 
some other azimuth serves to locate the observer on another 
small circle intersecting the first in two points. These two 
points of intersection are usually so far apart that there is no 
difficulty in discriminating between them, and the observer’s 
position becomes definitely known. This process of deter- 
mining a position at sea is known as Sumner’s method. For 
a more complete statement of this method see Chauvenet’s 
Astronomy, vol. I. pp. 424-428. 

80. If, for the purpose of determining local time, an obser- 
vation is taken upon a star east of the meridian, and the 
observation is repeated west of the meridian at the same 
reading of the sextant, the computation of time may be made 
independently of any knowledge of the. index error, eccen- 
tricity, or other errors of the sextant, and independently of 
any computation of the refraction, upon the assumption that 
these quantities retain the same values at the second observa- 
tion which they had at the first, and that therefore the two 
observations are made at the same (unknown) altitude. Dur- 
ing such an interval of a few hours, the declination of any 
star is for the present purpose sensibly constant. Upon these 
assumptions it may be shown that the mean of the two 
observed chronometer times is the chronometer time corre- 
sponding to the transit of the star across the meridian. (Let 
the student prove this.) If the object observed is a planet, 
the Moon, or the Sun, the same method of computation may 
be used, but it will be necessary to apply a correction for the 
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change of declination during the interval between the two 
observations. * 

The advantages of this method are the ease and simplicity 
of the computation. Its disadvantage is the liability of 
losing the second observation on account of clouds or other 
hindrances. If observations are taken within one hour (say) 
of the same hour-angle east and west of the meridian respec- 
tively, are computed as indicated in § 64, and the mean 
taken, the elimination of errors is almost as complete, advan- 
tage may be taken of temporary breaks in the clouds, and the 
observer is not put to the inconvenience of being ready at 
some particular moment. The computation will consume a 
little more time. 

81. The Covarrubias method of observing, developed by 
the Mexican astronomer of that name, serves to eliminate the 
instrumental errors, and accomplishes that purpose without 
the necessity of the long wait between observations which is 
required in the method stated above. Two stars are selected 
which are several hours apart in right ascension, and have 
declinations not very different. At a certain time each night, 
which is first estimated roughly by the observer, these two 
stars will for an instant be at the same altitude, one east and 
the other west of the meridian. A few minutes before this 
time he observes one of the stars, noting the chronometer 
time and the sextant reading. He then turns to the second 
star, which he finds approaching the same altitude, and 
observes the chronometer time at which the sextant reading, 
and therefore the altitude, is the same for this second star as 
that before observed upon the first star. From this observa- 
tion of the two chronometer times at which the two stars reach 


*For the computation of this correction, see Doolittle’s Practical 
Astronomy, pp. 230, 231; Chauvenet’s Astronomy, vol. I. pp. 198-201, or 
Loomis’ Practical Astronomy, pp. 126-130. 
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the same altitude the error of the chronometer may be com- 
puted independently of any knowledge of the exact absolute 
value of that altitude. This method will sometimes be found 
desirable, especially in case the only available sextant is an 
inferior one, or has been damaged to such an extent that its 
indications are unreliable. It is not developed in detail here 
for lack of space. For a complete statement of the method 
see ‘‘ Nuevos Metodos Astronomicos para determinas la hora, 
el azimut, la latitude y la longitude’’; F. D. Covarrubias, 
Mexico, 1867. 


QUESTIONS AND EXAMPLES. 


82. 1. Prove, using figures if necessary, that the test as 
given in § 54 for determining whether the index-glass is per- 
pendicular to the plane of the sextant is valid. 

2. Explain why two images of the same object cannot be 
made to coincide in the sextant telescope if the index-glass is 
in perfect adjustment but the horizon-glass is inclined to the 
plane of the sextant (see § 55). Explain also how it is possi- 
ble that such coincidence may be secured if doth the index 
and horizon glasses are inclined. Why is it advisable to make 
certain of the index-glass adjustment before adjusting the 
horizon-glass ? 

3. Suppose that the index correction of a certain sextant 
is found to be — 15”... Through what angle and in what 
direction must the horizon-glass be rotated to make the cor- 
rection zero ? 

4. Show that the errors due to the inclination to the plane 
of the sextant of the sight line and of the index-glass are 
not eliminated by the process of eliminating the index error 
indicated in § 62. 

5. The radius of the graduated circle of a certain sextant 
is 4 in. What linear movement of the vernier corresponds 
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to a change of 10” in its reading ? Explain the need of the 
caution in the last sentence of § 58. 

6. Explain, by diagrams if necessary, why the images 
behave as stated in § 58 when the sextant is moved in the 
various ways there described. 

7. Show that the limb of an image of the Sun seen in a 
sextant telescope, which is preceding with respect to the 
apparent motion of the image, corresponds necessarily to the 
preceding limb of the Sun, regardless of the number of 
reversals to which said image may have been subject in its 
progress to and through the telescope. By the use of this 
principle show that when observations are made with ap- 
proaching images it is the upper limb of the Sun which is 
being observed if it is forenoon and the lower limb if it is 
afternoon. : 

8. What is the error of the chronometer on local mean 
time from the last half of the set of observations given 
in § 63? ANS —= 2? 11" 5386.4 


*In this example the student may find that his computation gives a 
result differing by as much as o%.2 from the one here given on account of 
calling o’.5 a whole second, where it has in this computation been called 
zero, or vice versa. The fact that such a difference may exist may be used 
as an argument for carrying the computation to one more decimal place. 
A careful investigation indicates, however, that such a procedure would 
add so much to the labor of computation, especially in making the various 
interpolations, that it is not considered advisable. If the computation were 
carried one decimal place farther, the computed result from a complete set 
of observations would seldom be changed by more than o%.1, whereas the 
probable error of that result is + 0%.3 or +0%.4. For a further discussion 
of the question of the number of decimal places to which a computation 
should be carried, see § 277. 
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CHAPTER SIV: 
THE ASTRONOMICAL TRANSIT. 


88. THE astronomical transit is designed primarily to be 
used for the determination of time with its telescope in the 
plane of the meridian. Its essential parts are a telescope, an 
axis of revolution fixed at right angles to the telescope, a 
suitable support for said axis, such that it shall be stable in 
azimuth and inclination, and a striding level with which the 
inclination of the axis may be determined. 

Fig. 10 shows an astronomical] transit which is now and 
has been for several years past in use in the U. S. Coast and 
Geodetic Survey for time determinations of the highest order 
of accuracy. The focal length (distance from the lines of the 
eyepiece diaphragm to the optical center of the objective) of 
the telescope AB is 94 cm. (37 in.). The clear aperture of 
the object-glass is 7.6 cm. (3 in.), and the magnifying power 
with the diagonal eyepiece, dA, ordinarily used is 104 
diameters. In the focus of the eyepiece is a thin glass 
diaphragm upon which are ruled lines which serve the same 
purpose as the spider lines or cross wires more commonly 
placed in that position in a telescope. The system of lines 
consists of two horizontal lines near the middle of the field, 
and thirteen vertical lines. The milled head shown at C con- 
trols, by means of a rack and pinion, the distance of the 
diaphragm from the object-glass, and serves therefore to focus 
the object-glass,—or, in other words, to bring the image 
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formed by the object-glass into coincidence with the dia- 
phragm. The diaphragm, and the corresponding image 
formed by the object-glass, are much larger than the field of 
wiew of the eyepiece. To enable the observer to see various 
parts of the diaphragm, and the corresponding portions of 
the image, the whole eyepiece proper is mounted upon 
a horizontal slide controlled by the milled head shown at D. 

The lines of the diaphragm are seen black against a light 
field. The illumination of the field at night is obtained from 
one of the lamps shown at &. The light from the lamp 
passes in through the perforated end of the horizontal axis, 
and is reflected down to the eyepiece by a small mirror in the 
interior of the telescope, fastened to a spindle of which the 
milled head G is the outer end. The perforated disk shown 
at / carries plain, ground, and colored glasses, to be used by 
the observer to temper the illumination. 

The horizontal axis WF is 51.5 cm. (20} in.) long, ending 
in pivots of bell metal. //// is the striding level, in position, 
resting upon the pivots of the horizontal axis. 

The iron sub-base, a portion of which shows at J, is 
cemented firmly to the pier. The transit base is carried by 
three foot-screws resting upon this sub-base. The device 
shown at / serves to give the instrument a slow motion in 
azimuth. 

The lever K actuates a cam to raise the cross-piece L, 
and with it the columns WM. The horizontal axis is then 
raised sufficiently upon the forks at the upper end of M and 
WM to clear the Ys. The cross-piece Z is then free to turn 
(180°) until arrested by the fixed stops, and thus to reverse 
the horizontal axis FF in the Ys. 

The setting circles VV are 10 cm. (4 in.) in diameter, 
are graduated to 20’ spaces, and are read to single minutes 
by verniers. They are set to read zenith distances. 
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Fig. 11 shows another type of transit in use in the 
U. S.C. & G.S. Its peculiarities are the folding frame, the 
graduated scale at Q to facilitate putting the telescope in the 
meridian, and the fact that the eyepiece is furnished with a 
movable line carried by a micrometer screw, while one of the 
setting circles carries a sezsztzve level so that the instrument 
may be used both as a zenith telescope (see Chapter V) and 
a transit. The screw 7 moves the upper base SS in azimuth 
with respect to the lower base RR. 


The Theory of the Transit. 


84. If a transit were in perfect adjustment the “ine of 
collimation * of the telescope as defined by the mean line of 
the reticle would be at right angles to the transverse axis upon 
which it revolves, and that transverse axis would be in the 
prime vertical, and horizontal. Under these circumstances 
the line of collimation would always lie in the meridian plane 


* The Line of collimation of a telescope is that line of sight to which all 
observations are referred. Inan engineer’s transit the line of collimation 
is the line of sight on which all observations are made, and is defined by a 
vertical line in the middle of the field of view of the telescope. In an 
astronomical transit the observations are made on the several lines of sight 
defined by the several lines of the reticle. These various observations are 
all referred to an imaginary line of sight, or line of collimation, which is 
defined, however, by the mean of all the lines, and not by the middle line. 
The mean line is, of course, near to the middle line, the spacing of the 
lines in the reticle being made as nearly uniform as possible. 

Imagine a plane passed through any line of the reticle of a telescope 
and through the center of the object-glass. Imagine the plane produced 
indefinitely beyond the object-glass. Evidently every point of which the 
image is seen in the telescope in apparent coincidence with this line of the 
reticle must lie in this plane in space. The /ime of the reticle may be said 
to define this plane in space, or a point of the reticle line may be said to 
define a dime in space. For convenience a line of the reticle is ordinarily 
spoken of as defining a dime of sight rather than a plane of sight, it being 
tacitly understood that one pocnt only of the reticle line is referred to— 
ordinarily the middle point. 
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and the local sidereal time at which any star might be seen in 
the line of collimation of the telescope would necessarily be 
the same as the right ascension of that star. In observing 
meridian transits for the determination of time, these condi- 
tions are, by careful adjustment of the instrument, fulfilled 
as nearly as possible. The time observations themselves, 
and certain auxiliary observations, are then made to furnish 
determinations of the errors of adjustment; and the observed 
times of transit are corrected as nearly as may be to what they 
would have been if the observations had been made with a 
perfectly adjusted instrument. The observed time of transit 
of any star, as thus corrected, minus the right ascension of the 
star, is the error (on local sidereal time) of the chronometer 
with which the observation was made. 


Adjustments of the Transit. 


85. Let it be supposed that observations are about to be 
commenced at a new station at which the pier and shelter for 
the transit have been prepared. By daylight make the fol- 
lowing preparations for the work of the night. 

By whatever means are at your disposal determine the 
direction of the meridian, mark it upon the top of the pier, 
and put the foot-plates of the transit in such positions that 
the transit telescope will swing nearly in the meridian (true, 
not magnetic). A compass needle will serve for this purpose 
if no other more accurate and equally convenient means is at 
hand. An accurate determination of the meridian is not yet 
needed. To give the foot-plates a good bearing upon the 
pier and to fix them rigidly in position, it is well to cement 
them in position with plaster of Paris. 

Set up the transit and inspect it. Focus the telescope 
carefully if it is not already in good focus. The eyepiece 
may be first focused upon the reticle with the telescope 


Qa 
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turned up to the sky. The focus for most distinct vision of 
the reticle lines is what is required. Now direct the telescope 
to some distant object (at least a mile away, and preferably 
much farther) and focus the object-glass, by changing its dis- 
tance from the reticle, so that when the eye is shifted about 
in front of the eyepiece there is no apparent change of rela- 
tive position (or parallax) of the lines of the reticle and of the 
image of the object. If the eyepiece itself has been properly 
focused, this position of the object-glass will also be the 
position of most distinct vision. The focus of the object-glass 
will need to be inspected again at night, and corrected if 
necessary, using a star as the object. None but the brightest 
stars will be seen at all, unless the focus is nearly right. 

Bisect some well-defined distant object, using the apparent 
upper part of the middle vertical line of the reticle. Rotate 
the telescope slightly about its horizontal axis until the object 
is seen upon the apparent lower part of this same line. If the 
bisection is still perfect, no adjustment is needed. If, how- 
ever, the bisection is no longer perfect, the reticle must be 
rotated about the axis of figure of the telescope until the line 
is in such a position that this test fails to discover any error. 

86. Now bisect the distant object with the middle line of 
the. reticle, Keverse the telescope axis invits Ys) Jf the 
bisection still remains perfect, the line of sight defined by the 
middle line of the reticle is at right angles to the horizontal 
axis and the mean line may be assumed to be sufficiently near 
to that position. If necessary, however, make the adjust- 
ment by moving the reticle sidewise, so as to make the error 
of collimation small. By error of collimation is meant the 
angle between the line of sight defined by the mean line of 
the reticle and a plane perpendicular to the horizontal axis of 
the telescope. 

Level the horizontal axis of the telescope. Adjust the 
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level so that when it is reversed its reading will change but 
little. 

' Test the finder circles to see that they have no index 
error. Point upon an object and read one of the finder 
circles. Reverse the telescope, point upon the object again, 
and read the same finder circle as before. The mean of these 
two readings is evidently the zenith distance of the object (if 
the circle is graduated to read zenith distances) and their half 
difference is the index error of the circle. This index error 
may be made zero by raising or lowering one end or the other 
of the level attached to the vernier of the finder circle. This 
same process will evidently serve if the circle reads elevations 
instead of zenith distances. If the circle is to be made to read 
declinations directly, the same process is still applicable. 
For if the circle be made to read zenith distances with an 
index error equal to the latitude of the station, its readings 
will be declinations for one position of the telescope (though 
not for the other, after reversal). The other circle may be 
made to read declinations for the other position of the tele- 
scope. 

A ‘‘ finder list’’ of stars, showing for each star to be 
observed its name, magnitude, setting of finder circle, and 
the right ascension or the chronometer time of transit to the 
nearest minute, will be found to be a convenience in the night 
work. In making out a finder list the refraction may be 
neglected, not being sufficient to throw a star out of the field 
of the telescope. The zenith distance of astar is then ¢ — 0, 
south zenith distances being reckoned as positive. 


The Azimuth Adjustment. 


87. In the evening, before the regular observations are 
commenced, it will be necessary to put the telescope more 
accurately in the meridian. Having estimated the error of 
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the chronometer in any available way, within say five minutes, 
and having carefully levelled up the axis, set the telescope for 
some bright star which is about to transit within 10° (say) of 
the zenith. Observe the chronometer time of transit of the 
star. This star at transit being nearly in the zenith, its time 
of transit will be but little affected by the azimuth error of 
the instrument. The collimation error and level error have 
been made small by adjustment. Therefore the difference 
between the right ascension of the star and its chronometer 
time of transit will be a close approximation to the error of 
the chronometer. Now set the telescope for some slow- 
moving star which will transit well to the northward of the 
zenith (let us say, of declination greater than 60° and a north 
zenith distance of more than 20°). Compute its chronometer 
time of transit, using the approximate chronometer error just 
obtained. As that time approaches bisect the star with the 
middle line of the reticle, and keep it bisected, following the 
motion of the star in azimuth by the use of whatever means 
have been furnished on that particular transit for that purpose. 
Keep the bisection perfect till the chronometer indicates that 
the star is on the meridian. The telescope is now approxi- 
mately in the meridian. 

The adjustment may be tested by repeating the process, 
i.e., by obtaining a closer approximation to the chronometer 
error by observing another star near the zenith, and then 
comparing the computed chronometer time of transit of a 
slow moving northern star with the observed chronometer 
time of its transit. If the star transits, apparently, too late, 
the object-glass is too far west (for a star above the pole), 
and wice versa. The slow-motion azimuth-screw may then be 
used to reduce the azimuth error. This process of reducing 
the azimuth error will be much more rapid and certain, if 
instead of simply guessing at the amount of movement which 
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must be given to the azimuth-screw, one computes roughly 
what fraction of a turn must be given to it. This may be 
done by computing the azimuth error of the instrument 
roughly by the method indicated in § 104, having previously 
determined the value of one turn of the screw. An experi- 
enced observer will usually be able on the second or third 
trial to reduce the azimuth error to less than 1°(= 15”). 

The table given in § 310 will be found convenient in 
making the first approximation to the meridian. 


. 


Directions for Observing. 


88. The instrument being completely adjusted and the 
axis levelled, set the telescope for the first star. It is not 
advisable to use the horizontal axis clamp during observa- 
tions, for its action may have a slight tendency to raise one 
end or the other of the axis. See to it, loading one end if 
necessary, that the centre of gravity of the telescope is at its 
horizontal axis, and then depend upon the friction at the 
pivots to keep the telescope in whatever position it is placed. 
When the star enters the field, bring it between the horizon- 
tal lines of the reticle, if it is not already there, by rapping 
the telescope lightly. Center the eyepiece so that the 
vertical line nearest the star is in the apparent middle of the 
field of view. As the star approaches the line pick up the 
beat of the chronometer.* Observe the chronometer time 
of transit across the line, estimating to tenths of seconds. 
Then center the eyepiece on the second line and observe 
the transit there, and so on, until observations have been 
made upon all the lines, taking care always to keep the eye- 
piece centered upon the line which is in use. 

The directions and suggestions given in § 60 for observing 
time apply here with equal force. In order to estimate 

* The eye and ear method of observing without a chronograph is here 


referred to. Fora description of the chronograph and the method of using 
it in observing, see § 89. 
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tenths of seconds it is necessary to divide the half-second 
interval given directly by the chronometer into fifths by 
some mental process. To secure accuracy and ease in mak- 
ing this estimate it 1s advisable to transform it into a proc- 
ess of estimating relative distances. The apparent motion 
of the star image is nearly uniform (not quite so on account 
of disturbance by irregular refraction). Let us suppose that 
at the instant when the chronometer tick which indicates the 
time to be 1°.5 is heard the star is seen at A (Fig. 12). Let 
the observer retain a mental picture of this-relative position 
of the starand the line. When the chronometer tick for 28.0 
is heard, he sees the star at B. If he has retained (for 0%. 5 
only) the mental picture referred to above, he has before his 
mind’s eye exactly what is indicated in the figure. He esti- 
mates the ratio of the dzstances from A to the line and from 
A to B, and concludes that the ratio is nearer to ? than to 4, 
or ?, and calls the time of transit of the star across line /, 1°.7. 
Though this mental process may seem awkward at first, it 
will ultimately be found to be both easier and more accurate 
than the direct process, for all cases in which the star has an 
apparent motion which is sufficiently rapid to make the dis- 
tance AB appreciable in a half-second. An experienced 
observer, using this process, is able to estimate the time of 
transit of a star’s image across each line of the reticle with a 
probable error of about + o*.1. 

It is well here to bear in mind the suggestion given 
in § 60, that he who hesitates is inaccurate. The successful 
observer decides promptly, but without hurry, upon the 
second and tenth at which the transit occurred. 

At convenient intervals between stars the striding level 
should be read in each of its positions upon the horizontal 
axis. At about the middle of the observations which are to 
constitute a set the telescope should be reversed, so that the 
effect of the error of collimation (and inequality of pivots) 
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upon the apparent time of transit may be reversed in sign. 
Each half-set should contain one slow-moving star (of large 
declination) to furnish a good determination of the azimuth 
error of the instrument. 

The telegraphic longitude parties of the Coast and 
Geodetic Survey make the best time determinations that are 
made with portable instruments at present in this country. 
In their practice ten stars are observed in each set, five before 
and five after reversal of the telescope. From two to four 
readings of the level are taken in each of its positions in each 
half-set. Care is taken to have the telescope at different 
inclinations during the different readings of the level, inclined 
sometimes to the south and sometimes to the north, so that 
the level may rest in turn upon various parts of the pivots. 
This is done to eliminate, in part at least, the effect of 
irregularity in the figure of the pivots seit the determination 
of the inclination of the axis. 


The Chronograph. 


89. The preceding directions for observing were given on 
the supposition that the eye and ear method of observing the 
times of transit is to be used. If, instead, the time obser- 
vation proper is made with a chronograph, the method is 
changed in that one particular only. 

A common form of the chronograph is shown in Fig. 13. 
The train of gear-wheels partially visible through the back 
glass of the case at / is driven by a falling weight, and drives 
the speed governor at AECCDD, the screw /, and the 
cylinder H. As the speed of rotation of the governor 
increases, the weights CC move farther from the axis until a 
small projection on one of them strikes the hook at 4 and 
carries it along. This hook carries with it in its rotation the 
small weight A. The result of the impact and of the added 
friction at the base of A is to cause the speed of the governor 
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to decrease until the hook & is released. The speed then 
increases until the hook is engaged, decreases again until it is 
released, andsoon. The total range of variation in the speed 
is, however, surprisingly small,—so small that in interpreting 
the record of the chronograph the speed is assumed to be 
uniform during the intervals between clock breaks. By 
moving the adjusting nuts DD upon their screws, the critical 
speed at which the hook is engaged may be adjusted. The 
carriage MW is moved parallel to the axis of the cylinder HY by 
the screw 7. The pen G, carried by an arm projecting from 
the carriage M7, tends to trace a helix at a uniform rate upon 
the paper, or ‘‘ chronograph sheet,’’ stretched upon the 
cylinder. The magnets AX are in an electric circuit (through 
the wires L), with a break-circuit clock or chronometer. 
Whenever the circuit is broken, the armature JV is released and 
the back portion of the arm carrying the pen is drawn back, 
by a spring, to contact with the stop at 7. The pen then 
makes a small offset from the helix. It returns to the helix 
as soon as the current is renewed. Asa result the equal in- 
tervals of time between the instants at which the chronometer 
breaks the electric circuit are indicated by equal linear in- 
tervals between offsets on the line drawn by the pen, the 
speed being kept constant by the governor. The chronome- 
ter is usually arranged to break the circuit every second or 
every alternate second, and to indicate the beginning of each 
minute by omitting one break. The hours and minutes may 
be identified by recording at some point upon the sheet the 
corresponding reading of the face of the chronometer. 

The electric circuit passing through the magnets KK, the 
chronometer, and battery also passes through a break-circuit 
key in the hand of the observer. To record the exact time 
of occurrence of any phenomenon he presses the key at that 
instant, breaks the circuit, and produces an additional offset 
in the helix, of which the fosztzon indicates accurately the 
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time at which it was made. In observing a star, to determine 
a chronometer error the instant of transit of the star image 
across each line of the reticle is so recorded. To read the 
fractions of seconds from the chronograph sheet it is con- 
venient to use a scale divided into intervals corresponding to 
tenths of seconds. The process of reading is also facilitated 
by writing the number of the second at the head of each col- 
umn, and of the minute on each line, of the chronograph 
sheet before beginning to read. 

The experienced observer gains very little in accuracy by 
substituting the chronographic method of observing time for 
the eye and ear method. He gains somewhat in the con- 
venience and rapidity with which his night’s record is made. 
These small gains are not usually sufficient to justify the use 
of the chronograph in the field, except in connection with 
telegraphic determinations of longitude. In that case the 
chronographic method has special advantages (see §§ 234-242). 


Example of Record and Computation. 


90. The following time set was observed as a part of the 
telegraphic longitude work of the Coast and Geodetic Survey 
in May, 1896. The observations were made with a chrono- 
graph. The explanation of each separate portion of the 
computation is given in detail under the appropriate heading 
in the following sections. 

The constants of the instrument used in this example are 
here inserted for convenient reference. 

One division of the striding level = 1’’.674. 

Pivot inequality = — o*.010 with band west. 

Equatorial intervals of lines with band west: 


Line I. — 15*.20 Line 5. — 2°.52 Line 9. + 10°.09 
— 12°.69 «6. + 0°.09 COTO. ale O05 


2. 
(ate 10 1S Seep 2 52 tira @ Wakes cag tr 
4. — 5°.06 A ee le 


6 


46 


108 ‘GEODETIC ASTRONOMY. § 92. 


Time of Transit Across Mean Line. 


92. If the transit of the star across every line of the reticle 
is observed, the time of transit across the mean line, or line of 
collimation, is evidently obtained by taking the mean of the 
several observed times. In obtaining the sum of the several 
times for this purpose an error of a whole second in any one 
observed time, which might otherwise remain unnoticed, will 
be detected by the use of the auxiliary sums shown in the 
little column just after the observed times, namely, the sum 
of the first and last times, of the second and last but one, 
third and last but two, etc. These auxiliary sums should be 
nearly the same and nearly equal to double the time on the 
middle line. The unexpressed minute for each is the same 
as that for the middle line. The sum of these auxiliary sums 
and of the middle time is the total sum required in comput- 
ing the mean. 

It will frequently happen, especially on partially cloudy 
or hazy nights, that the transits of a star across several lines 
of the reticle will be successfully observed, and yet the 
observer may fail utterly to secure the transits across the 
remaining lines. It then becomes necessary to reduce the 
mean of the observed times of transit across certain of the 
lines to the mean of a// of the lines. 

Wet, 7, 73:¢,, . +. be the observed times of transit:across 
the successive lines, and let ¢, be their mean, or the time of 
transit across the mean line. 

Let z,, z,, 2, - - . be the eguatorial intervals of the succes- 
sive lines from the mean line, or the intervals of time which 
elapse for an equatorial star (star of zero declination) between 
transits across the separate lines and the transit across the 
mean line. 

Then for an equatorial star 2, =7,—4¢#,, 7,=¢,—t,, 


a ie 
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To determine the relation for any other star between 2,, 
the equatorial interval for any line, and ¢, — ¢, (in which ¢, 
is the time of transit over that line), deal with the spherical 
triangle defined by the pole, the star at the instant when it is 
on any line, and the star at the instant when it is on the mean 
line. In Fig. 14, let P, A, and B represent these points 
respectively. The sides P& and PA are the polar distance of 
the star (= 90° — 6). The angle at P expressed in seconds 
of arc is 15(¢, — tn), (¢, — %m) being expressed in seconds of 
time. The side A, expressed in seconds of arc, may be 
taken equal to 152,, z, being expressed in seconds of time. 
Using the law that the sines of the sides of any spherical tri- 
angle are proportional to the sines of the opposite angles, 
there is obtained 


sin 152, 3 sin (902 — 6) =sin 15%, —7,,):sin d. (40) 


The arc AB corresponding to the equatorial interval for a 
line will seldom exceed 15‘ in any transit, and is usually much 
less. For such an isosceles spherical triangle as this, 4B 
being short, angles 4 and & are necessarily nearly equal to 
go°. Assuming as an approximation that A = go°, (19) may 
be written sin 152, = sin 15(¢, — 7%,) cos 6. Again, assuming 
that the small angles 152, and 15(¢, — Z,,) are proportional to 
their sines, and dividing both members by 15, we obtain 


[sca Coe ies Lop SSO am | Bercy ARE oil O10) 


In the derivation of (20) besides the approximations men- 
tioned, there is another in the assumption that AZ corre- 
sponds to the perpendicular distance between the two lines of 
the reticle concerned, whereas none but images of equatorial 
stars will pursue a path across the reticle which is perpendic- 
ular to all the lines. Every other star image follows an 
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apparent path which is curved (the apparent radius of curva- 
ture being less, the greater the declination), and therefore not 
perpendicular to more than one line of the reticle. So AB 
corresponds, except for an equatorial star, to an oblique dis- 
tance between lines of the reticle, the obliquity being exceed- 
ingly small. In spite of all these approximations it has been 
found by comparing (20) with the formula expressing the 
exact relation between z, and (¢,—Z,,) that for an extreme 
value of z, = 60° the computed value of (¢, — 4,,) will be in 
error by less than o*.o1 for any star of declination less than 
70°, and that for a star of declination 85° the error is only 
Ot 3% 

93. Let us deal now with such a case as that of star 17 
H. Can. Ven. in the preceding computation, in which the star 
image was observed to transit across the first ten of the eleven 
lines of the reticle and the transit across the eleventh line was 
missed. Suppose that the equatorial intervals z,, z,, z,,.. 
have previously been determined by special observations as 
indicated in § 114. 

From (20) we may write 


ft) SECO: 


Eee SECO 


t,—4- op sec On . e e e (21) 
Lt ee 2 SECO, 
whence 
Betti hes | ice ea ok) SECO 
ia 10 * 10 » (22) 


* For the exact treatment of this problem, see Chauvenet’s Astronomy, 
vol. 1. pp. 146-149; or Doolittle’s Astronomy, pp. 291-293. 
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in which all quantities are known. By the use of (22) the 
time of transit 7, across the mean line may be computed 
even though the transits across certain of the lines are 
missed. 

Adding the corresponding terms of the separate equations 
of (21), together with the equation z,, = ¢,, — z,, sec 6 (which 
is true though ¢,, is unknown), and dividing by 11, there is 
obtained 


zt _ Garsneae caer’ ee Git ta ae atts) sec 6 


m <= ai (23) 
t t D x10 € t 

But 2Z,, is by definition oR, Therefore 

(23) becomes 
o=—(@+24+24+...-+2,) sec od, 
and 
—(%Z+24+27,+...+2,) sec 6 =(%,) sec dé: 
(22) may now also be written in the form 
ZA+4+4+...4+4, z,,) sec 6 
jee OEE TN CS re a 
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For the particular case in hand of the imperfect transit of 
17 H. Can. Ven., sec 6 = C = 1.26, 2,, = + 15°.15, and (24) 
becomes 


(15*.15)(1.26) 


oo h m 8 8 
a tom cOwl4.. 21 tO B 
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For the general case (22) and (24) may be written, respec- 
tively, 


(sum of equatorial intervals 
of observed lines) (sec 0) 


number of observed lines 


tm = mean of observed times — 


hewn(25) 


(sum of equatorial intervals 
of missed lines) (sec 6) 


tm = mean of observed times - ar 
os a number of observed lines 


(26) 


The first or second of these two formule is to be used, 
respectively, according to whether less than half or more than 
half of the lines were observed. 


Inclination Correction. 


94. In the following treatment it will be assumed that the 
two pivots upon which the telescope turns are circular 
cylinders having nearly, but not exactly, equal radii, and that 
the two inverted Ys forming a part of the striding level, and 
the two Ys in which the telescope pivots rest, all have equal 
angles. 

If Fig. 15 represent a cross-section through one of the 
pivots perpendicular to its axis, it is assumed that the curve 
GEBD isa perfect circle, of which the center is at C, and that 
the angles GHZ and DAB are equal to each other and to the 
corresponding angles at the other pivot. With these assump- 
tions the distances /C and AC, from the vertex of the level 
Y and from the vertex of the supporting Y to the center of 
the pivot, are equal. 

In Fig. 16 let CC’ be the line joining the centers of the 
two pivots, the axis about which the telescope rotates, of 
which the inclination is required. Let “and /” be the ver- 
tices of the level Ys, and 4 and A’ the vertices of the sup- 
porting Ys. Suppose the radius of the pivot of which the 
centre is C’ is greater than that of the pivot at C. Then 
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the distance #'C’(= A’C’) is greater than the distance 
FC(= AC). Draw CG parallel to FF’ and CH parallel to 
AA’. The inclination of the line #F’ (equal to the inclina- 
tion of the line C@) is directly measured by the level readings. 
The angle between FF’ and CC’ is the angle GCC'(= ae 
This is the correction to be applied to the inclination as given 
directly by the level readings to obtain the inclination of the 
axis. If the telescope axis were reversed in the Ys the line 
AA’ joining the vertices of the supporting Ys would remain 
unchanged, and the line //’ would assume a new position 
F"F’” such that the angle between FF’ and FF” is four 
times GCC|=2(GCA))|. Let By and 6, designate the 
inclination, as given by the level readings, for lamp west and 
lamp east, respectively (using the position of the lamp which 
illuminates the interior of the telescope as a convenient 
means of designating the position of the telescope), and 4, 
and 4, the corresponding inclinations of the axis CC’. Let 
the angle GCC’ be called ,, or pivot inequality. Let all 
inclinations be considered positive when the west end is 
higher than the east. Then 


* by = Bw + 2p;; | 
ei eel en 
and p= fe i owe beamed oh eho) 


Let w and e be the readings of the west and east ends, 
respectively, of the bubble of the striding level for a given 


* These formule are exact only in case the angle of the level Ys is the 
same as the angle of the supporting Ys. For ordinary cases, however, in 
which #; is small and the Ys have angles which do not differ greatly, they 
are sufficiently exact. For the full treatment of this problem for the general 
case, see Chauvenet’s Astronomy, vol. Il. pp. 153-158. 
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position of the telescope axis. Let w’ and ¢é’ be the corre- 
sponding west and east readings after the level is reversed, 
the telescope axis remaining as it was. Let d be the value 
of a division of the level in seconds of arc. Then for £, 
the apparent inclination of the telescope axis, expressed in 
seconds of time, we may write, if the level divisions are 
numbered in both directions from the middle, 


/ t? a 
patlw+w)—e+eyii 
or in more convenient form for numerical work, 


/ / ad 
p= iwHw)—e+e)o,. . . (29) 
a 
in which xe is a constant for the level. 
If the level divisions are numbered continuously from one 
end of the level to the other, (29) takes the form 


p= iwta—w+eA;. © . (0) 


in which the primed letters refer to that position of level in 
which the division marked zero is at the western end. 

95. It still remains to derive the relation between J, the 
inclination of the rotation axis of the telescope, and the cor- 
rection to the observed time of transit of a star to reduce it 
to what it would be if the rotation axis were truly horizontal. 

If the error of collimation were zero and the rotation axis 
of the telescope horizontal and in the prime vertical, the line 
of collimation would describe the meridian upon the celestial 
sphere when the telescope was rotated upon its axis. If now 
the other errors, of azimuth and collimation, be assumed to 
remain zero but the rotation axis is moved slightly out of the 
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horizontal by an angle 4, the line of collimation will describe 
a great circle intersecting the meridian at the south and north 
points of the horizon and making an angle 4 with it at those 
points. In Fig. 17 let B be the position occupied by a star at 
the instant when it would be observed to cross the mean line 
of a transit in perfect adjustment. Let B’ be its position 
when it would be observed to cross the mean line of a transit 
having an axis inclination 4, but otherwise in perfect adjust- 
ment. Let S be the south point of the horizon. In the 
spherical triangle BB’S the angle S in seconds of arc = 154, 
SB is the altitude of the star when it is on the meridian, 
= 90° —(¢— 6), and the angle BA’S is almost exactly a 
right angle. From the law of proportionality of sines, sin 
150: sin BB’ = sin BB'S: sin {g0°— (g — 6). 

Whence, the small angles 154 and BB’ being assumed 
proportional to their sines, 


1 PN OR COS Cte meee. ai vd este ew 31) 


Treating now the spherical triangle defined by B, B’, and 
the pole, just as the spherical triangle in figure was treated, 
it may be shown that the hour-angle subtended at the pole 
by BB’ is BB’ sec 6. Substituting this in (31) and reducing 
to time, there is obtained as the hour-angle, or elapsed inter- 
val of time (in seconds) between the position B and the 
position B’, — 

DECOSRGSCC ON ere ans ee a 32) 


This is the required correction to the observed time of 
transit. For convenience this may be written 


Inclination correction= Bd, . . . (33) 


in which B = cos € sec 6, and may be found tabulated for 
the arguments € and 6 in § 299. 
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The approximations in the derivation of (32) are of the 
same order as those made in deriving (20). If 4° be allowed 
as a maximum value for 8, the error of the formula will be 
much less than 0*.01 for any star of declination less than 80°. 
Under ordinary circumstances 4 will seldom be as great as 1°. 

In deriving # from the level readings it is sometimes 
assumed that the inclination is variable, and that each set of 
level readings gives the inclination at that particular time. 
Under good conditions, however, the variation of the inclina- 
tion during any half set is probably less than the error of any 
one determination of the inclination. It is advisable, there- 
fore, to assume the inclination constant during a half set. The 
method of computing this mean inclination from the level 
readings is sufficiently shown in the example in § g1. A dis- 
tinction is made between level readings with objective north 
and readings with objective south on account of the possibility 
that the level readings may be affected by irregularities in the 
shape of the pivots. 


Correction for Diurnal Aberration. 


96. The effect of the annual aberration, due to the motion 
of the Earth in its orbit (§ 46), is taken into account in com- 
puting the apparent star place. But the effect of the diurnal 
aberration, due to the rotation of the Earth on its axis, must 
be dealt with in the present computation. In round numbers 
the velocity of light is 186 000 miles per second, and the linear 
velocity of a point on the Earth’s equator due to the diurnal 
rotation is 0.288 mile per second. The linezr velocity of 
any point cn the Earth in latitude @ is then 0.288 cos ¢ mile 
per second. The apparent displacement of a star on the 
meridian is 
_, 0.288 cos & 


ki) tan RG DEOL EL nae (34) 
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the motion of the observer being at right angles to the line of 
sight. The hour-angle , corresponding to the displacement 
k’, is found by applying the method of the latter part of § 92 
to the spherical triangle defined by the true position of the 
star, its displaced position, and the pole. It is thus found 
that 

_, 0-288 cos @ 


=]? SCO Sain TGS 


c 6. 
Keeping in mind that the angles #’ and & are very small, 
this may be written 
0.288 


a POCOOA oe ee = 0.319 cos g sec 6 


= 0°.02I cos @ sec 6. . (35) 


For convenience & is tabulated in terms of ¢ and 6 in 
§ 301. 

As the aberration causes the star to appear too far east, 
the observed time of transit is too late, and & is negative when 
applied as a correction to the observed times (except for sub- 
polars). 
Azimuth Correction. 


97. If the transit is otherwise in perfect adjustment but 
has a small error in azimuth, the line of collimation will 
describe a vertical circle, i.e., a great circle passing through 
the zenith, at an angle with the meridian (measured at the 
zenith) which we will call a. 

In Fig. 18, let ¢ be the zenith, B be the position of a star 
when it is on the meridian, and J’ its position when observed 
crossing the line of collimation of a transit which has an 
azimuth error a. By applying the process of the latter part 
of § g2 to this spherical triangle it may be shown that 
BB’ =a sin €. 
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Applying the same process again to the spherical triangle 
defined by B, B’, and the pole, it may be shown that the 
corresponding hour-angle is BB’ sec 6. 

Let the angle a be expressed in seconds of time, and be 
called positive when the object-glass is too far east with the 
telescope pointing southward. Then the required correction 
to the observed times, equal to the time elapsed between 
position B’ and B of the star, may be written 


Azimuth correction =a@ sin € seod = Aa, . (36) 


in which A is written for sin € sec 6, and is tabulated in terms 
of € and 6 in § 299. 

The methods of deriving @a from the time observations will 
be treated later ($$ 100-110). 


Collimation Correction. 


98. If the instrument is otherwise in perfect adjustment 
but has a small error of collimation (§ 86), the mean line 
describes a small circle parallel to the meridian, at an angular 
distance c, the error of-collimation, from it, when the telescope 
is rotated about its horizontal axis. By the same line of 
reasoning that was used in § 92 in dealing with the intervals 
of the various lines from the mean line, it may be shown that 
if c be expressed in time, then the 


Collimation correction * —"esec d,=-\Cc,n (37) 


* Objection may be made to the methods used in deriving the formule 
of $§ 92-98 because of the many approximations involved in them. For, 
in addition to the stated approximations that have been made in the 
derivations, the fact that the formule for inclination, azimuth, and col- 
limation are not independent has been neglected, and each treated as if 
entirely independent of the other. 

Is such objection valid? Our present purpose is to furnish the 
engineer with such mathematical formule (together with an intelligent 
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in which C is written for sec 6 and is tabulated in terms of 6 
in § 299. The collimation error necessarily changes sign 
when the telescope axis is reversed in its Ys. Let c be the 
error of collimation with lamp or band east, and let it be called 
positive when the star (above the pole) is observed too soon. 
To take account of the change in sign of the collimation error 
with lamp west, let the sign of C be reversed (so that C = — 
sec 6) whenever the lamp is west. With this convention as 
to the sign of C the algebraic sign of the product Cc in (37) 
will always be correct. 

The methods of deriving c from the time observations will 
be treated later (§§ 100-112). 


Correction for Rate. 


99. If the rate of the chronometer is known to be large, it 
may be necessary to apply a correction to each observed time 
to reduce it to the mean epoch of the set. The correction 
required is the change in the error of the chronometer in the 
interval between the observation and the mean epoch of the 
set. If the rate of the chronometer is less than 1° per day 
and the interval in question is not more than 30”, the greatest 
correction for rate will be o*.02. In sucha case, if the cor- 
rection for rate is ignored, the computed correction to the 


understanding of them) as will serve him most efficiently in making cer- 
tain astronomical determinations with portable instruments. The formule 
furnished are sufficiently accurate for his purpose. The degree of accu- 
racy is roughly indicated to give him a basis for confidence. The alterna- 
tive procedure is to derive the exact formule, at a large expenditure of 
time and mental energy; to find that said formule are too complicated for 
actual use in computation; to simplify them by dropping terms and making 
transformations that are approximate; and to arrive finally, when ready 
for actual numerical computation, at the same simple formule as are here 
derived directly (or their equivalents in simplicity and inaccuracy). This 
procedure furnishes more mathematical training than that adopted in the 
text. But mathematical training is not the primary object of this treatise, 
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chronometer will be sensibly exact, but the computed prob- 
able errors will be slightly too large. 

If the rate of the chronometer is very large, it may even 
be necessary to apply a rate correction to the reduction to the 
mean line, in case of an incomplete transit, as derived in § 92. 


Computation of Azimuth, Collimation, and Chronometer Correc- 
tions, without the Use of Least Squares. 


100. Having corrected each observed time of transit for 
inclination and aberration, the azimuth error a@ and the colli- 
mation error c, as well as the required chronometer correction, 
may be derived from the observations by writing an observa- 
tion equation of the following form for each star observed, 


ATA ae 8 Oe ee ae 


forming the corresponding normal equations, and solving for 
the required quantities, 77, the chronometer correction, a, 
andc. In (38) @ is the apparent right ascension of the star 
(reduced to mean time if a mean-time chronometer is used), 
and 7,’ is the observed chronometer time of transit of the 
star corrected for diurnal aberration, inclination, and rate of 
chronometer. 

This least square process is rather laborious, and a shorter 
method is desirable for obtaining approximate results. Such 
a short method * without least squares will now be treated. 
It is a method of successive approximations to the required 
results. 

101. The exact form of the computation is shown below 
in a numerical example dealing with the observations shown 
in § gl. 


* This method, which has been in continual use in the field on the 
longitude parties of the Coast and Geodetic Survey for many years, was 
devised in the ’70’s by Mr. Edwin Smith, then an aid on that Survey. 
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COMPUTATION WITHOUT LEAST SQUARES. 


§ 101. 
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102. The first five columns of the main portion of the 
computation are compiled from § 91, and from the table of 
§ 299 (factors A, B, C). The remaining columns are filled 
out after the computation of @ and c, shown in the lower part 
of the tabular form, is completed. 

103. It should be noted that the five stars of each group, 
observed in one position of the instrument, have been so 
selected that one is a slowly-moving northern star at a con- 
siderable distance from the zenith; while the other four are 
all comparatively near the zenith, some transiting to the 
northward of it and some to the southward, and so placed 
that their mean azimuth factor (A) is nearly zero. These 
four stars of each group are for convenience called ¢tzme stars, 
since the determination of the time falls mainly upon them, 
while the slowly-moving star serves to determine the azimuth 
error of the instrument and is called the azzmuth star. 

104. In the computation * to derive c and a, the four time 
stars in each position of the instrument are combined and treated 
as one star, by taking the means of their (a — 7,’)’s and of 
their factors C and A, respectively, the means being written 
below the separate stars in the computation form, together 
with the azimuth stars. On the assumption that the means 
of the time stars in the two positions of the instrument are 
equally affected by the azimuth error, the first approximation 
to c is found by dividing the difference between the two mean 
values of a — TJ,’ by the difference between the two mean 


Gsw Or 


a— T/\y—(a— T!)e 
c= BaP ries Es pe eae LEIS) 


* This example of the method of computing a and ¢ without least 
squares, and much of the explanation of it, is taken with little modifica- 
tion from Appendix No. 9 of the Coast and Geodetic Survey Report for 
1896, by Asst. G. R. Putnam, 
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In the example in hand 


Bese 404) OES) i 
F125 — (= 1.32) $2.57 — 1 OO5t + 40) 


Using this approximation to c, the correction Cc is then 
subtracted from the a — 7,’ of the means of the time stars 
and of the azimuth stars, and the values of a— TZ,’ — Cc 
obtained. 

Separate values for the azimuth error of the instrument 
are then derived for each position of the instrument as fol- 
lows, upon the assumption that the difference between the 
(a — JT,’ — Cc) for the mean of the time stars and for the 
azimuth star of a group is due. entirely to azimuth error. 
Upon this assumption, for each position of the instrument 


oe (a = 08 ac Ce) ine stars (a = iB Las Colerain star 


Tine Statsaaes A azimuth star 


- (41) 


Numerically, in the present case 


— 4.00 — (— 4.64) _ +064 _ | 
ele olo Si =i 04) + 1.11 Gi 0577 
and (42) 
— 4.00 — (— 5.23) + 1.23 
= = *.486. 
0.00 — (— 2.53) + 2.53 Ee! 


With these approximate values of ay and a, the correc- 
tions Aa are applied, giving the values a — 7,’ — Cc — Aa 
in the last column in the lower part of the computation form. 

105. If these do not agree for the two positions of the 
instrument, it indicates that the mean values of a — 7,’ used 
in (40) in deriving c were not equally affected by the azimuth 
error, so that their difference was not entirely due toc, as was 
assumed in using (39). A second approximation to the true 
value of ¢ may now be obtained by considering the differences 
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in the last column to be due to error in the first approximate 
value of c; substituting from that column in formula (39); and 
thus obtaining a correction to the first approximate c. Thus 
in the present case the second member of (39) becomes 


ea Ob Rs (45 OO Aa; Oona 


+ 1.25 —(— 1.32) 42.57 — 


= O-019. 2) (43) 
The second approximation to the true value of cis then 


+ 0°.051 — O*.0I9 = + 0*.032. 


Proceeding as before, improved values for ay and a, are 
found by the use of formula (41). Thus in the present case 
there are obtained as second approximations 


OD SEO a , 
eo a ad ae 
and ce ple re (44) 
— 4.03 — (— 5.31 1.2 : 

GOO (= 29k 3) Tis Sa ae 


a 


aa 


This process of making successive approximations to the 
values of ¢ and a may be continued until the values (a — 7’ 
— Cc — Aa) show a sufficiently good agreement. In general, 
with a well-chosen time set, the final value for 47, will not be 
changed by as much as 0*.01 by any number of approxima- 
tions made after the above agreement has been brought within 
the limit 0*.05. 

When satisfactory values for c, ay, and a, have been 
obtained, the corrections Ce and Aa are applied separately to 
each star, as shown in the sixth, seventh, and eighth columns 
of the upper part of the computation form, and the values of 
the chronometer correction (4 7;) derived separately from each 
star. The residuals furnish a check on the computation. 
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Any large error in observation or computation will be indi- 
cated by the residuals, and may often be located by a careful 
study of them. The mean value of 47, is the required 
chronometer correction at the epoch of the mean of the 
observed chronometer times. 

106. A study of the above process of successive approxi- 
mation to the values of c, ay, and az shows that the rapidity 
with which the true values are approached depends upon 
three conditions. The mean 4 for the time stars for each 
position of the instrument should be as nearly zero as possi- 
ble. In each position of the instrument the 4 for the azimuth 
star should differ as much as possible from the A for the mean 
time star, while corresponding C’s should differ as little as 
possible. The last two conditions are difficult to satisfy 
simultaneously, but the fact that both must be considered 
leads one to avoid observing sub-polars. The conditions here 
stated show why the stars for the above time set were chosen 
as indicated in § 103. It is not advisable to spend time in 
observing more than one azimuth star in each half set. 

It should be noted that the choice of stars indicated above 
also insures the maximum degree of accuracy in the determi- 
nation of 47. for a given expenditure of time, regardless of 
the method of computation. 

The two things which especially commend this approxi- 
mate method of computing time to those observers who have 
used it much in the field are the rapzdity with which the 
computation may be made (especially when Crelle’s multipli- 
cation-tables are used), and the accuracy which results from 
the fact that the derived values of @ and c depend upon all 
the observations, and not upon observations upon a few stars 
only, as is frequently the case with other approximate 
metnods. 
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Computation of the Azimuth, Collimation, and Chronometer 
Corrections by Least Squares. 


107. We start with the observation equations* indicated 
in (38). For lamp west each of these equations are of the 
form 


AT,.+ Awayw+ Ce — (a — iO, ° ° (45) 
and for lamp east, of the form 
A4T,+ Aza, + Ceo—(a -T/) =o. . . (46) 


The subscripts added to A discriminate between factors 
applying to stars observed with lamp east and those observed 
with lamp west. This is done for the purpose of avoiding 
confusion in the normal equations. The parenthesis (a — 7,’) 
is an approximate value for the clock correction after taking 
account of inclination, rate, and aberration. It is the observed 
quantity. The coefficients 4d and C may be obtained from 
the table in § 299. 

Treating the observation equations all together as a single 
group, as many equations as stars, the four derived normal 
equations are of the form 


247, + SA yay + 2A pay + SC — 3(a=—- 7) =0: 
SPAT SA) ay + 34 yCe— BA, la - Td) =0: 
3A ,ATe | 3A2na, +24.c —SAdle 7) Hon Ge 


SCAT. + 3CA yay + ZCApag + BC% -—SCa~-T) =o. 


The solution of these equations gives the required quan- 
tities J7., ay, @z, and c. 
To obtain the probable error of a single observation sub- 


* Observation equations are also called conditional equations by some 
authors, 
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stitute these values back in the observation equations, (45) 
and (46), and obtain residuals v,, v,, v,,. . . , one for each 
equation. The probable error of a single observation is 


€ = 0.674 pe a eee AO) 


in which 2, is the number of observations, and x, is the num- 
ber of normal equations (and of unknowns). 

To obtain the probable error, ¢,, of the computed 47,, 
proceed as follows: Rewrite the normal equations (47), putting 
Q in the place of 47., — 1 in the place of — S(a — T,), 
and o in the place of the other absolute terms. Solve the 
resulting equations for Q. Notice that since all the coeffi- 
cients in these new equations are just as before, it is only that 
part of the computation which deals with the absolute terms 
that is changed in the solution of the normal equations. 


BREW Ou rpe ait eek Mata) 


The form of the normal equations, and method of com- 
puting the probable error, are here stated for convenience of 
reference. For the corresponding reasoning the student must 
depend upon his knowledge of least squares, the methods here 
given being the ordinary least square methods for dealing 
with a set of observation equations in case there are no rigid 
conditions to be satisfied.* 

108. Asa concrete illustration of this least square adjust- 
ment for determining 47, we may take the set of observations 
given in § g1, from which 47, has been computed without 


* See Wright’s Adjustment of Observations (Van Nostrand, New York), 
or Merriman’s Least Squares (John Wiley & Sons, New York). 
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the use of least squares in § 106. The observation equations 


are 
v vs 

AT, + 0.024, + 1.26¢ + 0%.07 =0 — 0.10 0.0100 
AT: — 0.304 y, + 1.56¢ +0.09 =0 +0.05 0.0025 
AT. + 0. 36a), + 1.06¢ — 0.31 =0 +0.09 0.0081 
AT; + 0.224), + 1.13¢ —O.I1I =0 — 0.03 0.0009 
AT; — 1.03¢y + 2.36¢-+0.52=0 0.00 0.0000 
Al + 0.254, — I.1Ic — 0.06 =0 —0.0I 0.0001 
Airc + 0.35@, — 1.06¢ — 0.19 =0 +0.07 0.0049 
JAN D fe — 0.204 , — 1.46¢c + 0.23 =O — 0.06 0.0036 
JA TPR: — 0.384, — 1.64¢ + 0.29 =0 — 0.02 0.0004 
AA Sp — 2.534, — 4.18¢ + 1.44 =0 + 0.01 0.0001 


Sum = 0.0306 = Sv? 


From the absolute term in each equation 4°.00 has been 
dropped, as is frequently the case in least square computa- 
tions, for the purpose of shortening the numerical work. The 
true value of — (a — T7,’) is then, in each case, that written 
above, + 4’*.00. 

The four normal equations formed from the above obser- 
vation equations in the usual way are 


+ 10.004 T, — 0.734y— 2.51ag— 2.08¢-+ 1.97 = 0; 
— 0.7347,4+ 1.33ay — 2.24¢—0.70=0; 
— 2.5147, + 6.77a;, + 10.84¢ — 3.88 = 0; 

©: 


— 2.0847, — 2.24ay-+ 10.84az + 36.64¢ — 5.56 = 


The solution of these equations for the unknowns gives 
Qy = +0°.568, ag =+ 0.511, c=+0°.034, and 42 = 
— 0*.020, which combined with the 4°.00 which was dropped 
to ease the numerical work gives 47. = — 4*.020. 

If these values are now substituted in the observation 
equations, § 108, the residuals (v) there shown are obtained. 
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From these the probable error of a single observation, see 
formula (48), is 


.0306 
€7— 0.674 eee =) 0,045. 


The modified normal equations being solved for Q as indi- 
cated in § 107, its value is found to be 0.1158. 

Hence the probable error of the result (47Z,) is, see 
formula (49), 


€, = + 0.048 Vo.1158 = + O°.016. 


109. lf, instead of computing a separate value for the 
azimuth error, a, for each of the positions of the telescope 
axis, before and after reversal, the azimuth error is assumed 
to be the same throughout the whole set, the principles 
involved in the computation are the same as before; the dis- 
tinction between a, and a, is dropped; there are but three 
unknowns and three normal equations instead of four; and 
the work of solving the normal equations is correspondingly 
shortened. The loss of accuracy in the computed result 
depends upon the magnitude of the actual change in the 
azimuth error at reversal. If no more than six stars are 
observed in aset, it may be advisable to use this process so 
as to reduce the number of unknowns. 

110. Experience shows that the process outlined in §§ 105- 
106 gives such an accurate value for ¢ that the value subse- 
quently derived froma least square adjustment is found to be 
substantially identical with it. When such a preliminary com- 
putation has been made, theleast squareadjustmentis shortened 
considerably, with little loss of accuracy, by accepting this 
preliminary value of c, applying the collimation corrections 
(as well as the inclination, rate, and aberration corrections) 
before the least square adjustment, and treating the clock 
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correction and the two azimuth errors as the only unknowns. 
It is well in this case to treat each half set separately. The 
discrepancy between the two values for the clock correction 
thus derived, when reduced for clock rate to the same epoch, 
indicates the amount of error in the assumed value for c. 

To illustrate this method we may use the same set of 
observations as in $$ 91, 101. Let it be assumed that the 
preliminary computation shown in § 101 has been made, and 
let the value + 0°.032 for c given there be accepted as a basis 
for this computation. The observation equations now become 


AT. + 0.024), -+ O%.11 = 0 
AT; — 0.304, + 0.14 =0 
4T. + 0.36a,,, — 0.28 =0 
AT, -+- 0.2245, —0.07 = 0 
AT, — 1.034), + 0.60 =0 
AT. -- 0.25a, — 01.10/— (0 
AT; + 0.35a@, — 0.22 =0 
AT; — 0.20a, + 0.18 =0 
AT, — 0.38a7 + 0.24 =0 
AT, — 2.53a, + 1-31 =0 


For the first half of set. 


For the second half of set. 


Wn WwW +- SY 


The normal equations for the first half of the set are 


+ 5.0047, — 0.73ay + 0.50=0; 
— 0.7347, + 1.33a@y — 0.75 =0; 


and for the second half of the set, 


+ 5.0047, — 2.51lazg+ 1.41 =0; 
— 2.5147,+ 6.7742 — 3.54 =0. 


The solution gives for the first half-set 47, = — 0*.019, 
ay = + 0°.553, and Q = 0.217, and for the second half-set 
AT, = — 0°.024, 4g = + 0°.514, and OQ = 0.246. 


The probable error of a single observation derived from 
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the first half set is + 0°.058, and from the second + 0°.032. 
The probable error of 47, from the first half set is + 0°.027, 
and from the second + 0°.016. The final result from the 
complete set is, by this method of computation, 47, = 
A .022' 01.010. 

The difference between the two values for ZZ. derived 
from the two halves of the set serves to indicate the degree 
of accuracy of the assumed value of c. 


Introduction of Unequal Weights. 


111. In the preceding treatment it has been tacitly 
assumed that all observations are of equal weight. But 
incomplete transits should be given less weight than complete 
transits. For if only a few lines of the reticle are observed 
upon, evidently the accidental errors made in estimating the 
times of transit across the separate lines will not be eliminated 
to as great an extent as if all the lines were observed. Then, 
too, the image of a star of large declination moves much more 
slowly across the reticle than does the image of an equatorial 
star, and it is therefore more difficult to estimate the exact 
time of its transit across each line. If it is found by the 
investigation of many records for such slow-moving stars that 
the error of observation is larger for such stars than for 
equatorial stars, it is proper to give them less weight in the 
computation of time. An extended discussion of this matter 
of weights may be found in the Annual Report of the Coast 
and Geodetic Survey for 1880, pp. 213, 235-237. It suffices 
for our purpose here to give, in slightly abridged form, the 
tables of relative weights which were derived from that dis- 
cussion (see §§ 302, 303). The weights as given in these 
tables were deduced for transit instruments having a clear 
aperture of object-glass from 1# to 2$ inches, and a magnifying 
power from 70 to 100 diameters. It may be extended with 


132 GEODETIC ASTRONOMY. ScFIZs 


little error to instruments of the same nature which are con- 
siderably larger or smaller. 

112. To introduce the unequal relative weights, w, into 
the least-square adjustment, it is necessary to multiply each 


observation equation by Vw, and to make the usual subse- 
quent modifications in the least square computation. These 
modifications are indicated in the following example,—the 
same problem as that treated in § 108, without the use of 
unequal weights. If an incomplete observation is made upon 
a slow star, so that both the tables of § 302 and of § 303 must 
be used, first multiply the two relative weights w together, 
and then take the square root of that product as the multi- 
plier for the observation equations. 

The square roots of the weights given to the ten stars, in 
order of observation, are respectively 0.9, 0.8, 1.0, 0.9, 0.6, 
0.9, 1.0, 0.8, 0.8, and 0.3. The observation equations shown 
in § 108 are multiplied by these factors respectively. The 
normal equations resulting from the weighted observation 
equations so obtained are 


+ 6.8047, — 0.0lay — 0.04a, + 0.53¢-+ 0°.14 = 0; 
— 0.0147, + 0.61ay — 0.57¢ — 0.34 =0; 


— 0.044 7, + 0.87a, + 0.93¢ — 08.50 =0; 
+ 0.5347, — 0.57a, + 0.93a, + 13.79¢ — 08.61 = 0. 


The solution of these equations gives 47, = — o*.oI09, 


Qy = + 0°.533, ag = + 0°.544, and c = + 0°*.033. 
The probable error of an observation of weight unity is 


Sw 0.022 
c= 0.6744/ 2 ree = 0.6744 / 22223 = eri OAT 


The probable error of 


4T,=6€,=eVQ= +0041 VO.147 = + 04.016. 
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113. Unless an extreme degree of accuracy is required, the 
assumption that all observations are of equal weight is suffi- 
ciently exact. The introduction of unequal weights adds so 
little to the accuracy of the computation that economic con- 
siderations will often indicate that the least square adjustment 
should be made on the basis of equal weights.* 


Auxiliary Observations. 


114. Aside from the observations and computations which 
have been treated in detail, certain others are necessary for 
the determination of the instrumental constants which have 
been assumed in the preceding treatment to be known. 

The equatorial intervals of the lines of the reticle may be 
determined from any series of complete transits, i.e., observa- 
tions in which the transit of each star was observed across 
every line. A special series of observations is not required, 
for the complete transits of the particular series of time 
observations under treatment may be utilized for this purpose 
in addition to using them to determine the clock correction. 
For every complete transit every term in equation (20) (see 
§ 92), namely, z, = (¢, — ¢,,) cos 9, is known except z,. Every 


* The computation of a series of time observations taken by the author 
on the shore of Chilkat Inlet, Alaska (in latitude 59° 10’), in 1894, was made 
in the field by least squares, giving all stars equal weight, regardless of 
their declinations and of the number of missed lines. In the final com- 
putation subsequently made at the Coast and Geodetic Survey Office in 
Washington unequal weights were assigned. Inthe series there were 46 
sets, each consisting, generally speaking, of observations upon Io Stars. 
The average difference, without regard to sign, between the chronometer 
corrections as computed in the two ways from the same set of observations 
was 08.04. This is about equal to the probable error of the clock correc- 
tion computed froma set. But it must be remembered that the conditions 
were extreme. On account of the high latitude of the station many of the 
stars were slow-moving stars (even those observed in the zenith). There 
was so much interference by clouds that complete observations on all the 
stars were secured on only to nights out of the 46, and observations on a 
single line only of the reticle were not infrequent. 
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complete transit observed furnishes, then, a determination of 
the equatorial interval of every line. The transit of a slow- 
moving star gives a more accurate determination of the 
equatorial intervals than the transit of a star of small declina- 
tion, for the errors in observing z, do not increase so rapidly, 
with increase of declination, as cos 6 decreases. For this 
reason some observers prefer to make a special series of 
observations for equatorial intervals using stars of large decli- 
nation only. In computing and using the equatorial intervals 
it must be borne in mind that when the telescope axis is 
reversed in its Ys the order in which the star transits across 
the lines is reversed, and also the algebraic sign of the equa- 
torial interval of each line. 

115. The portion of a set of observations given below will 
serve to show how the pivot inequality, ~, (see § 94), is 
determined by a series of readings of the striding level, upon 
the telescope axis placed alternately in each of its two possi- 
ble positions with clamp west and clamp east (the clamp 
instead of the lamp being here used to indicate the position 
of the axis). 


OBSERVATIONS FOR INEQUALITY OF PIVOTS OF 
TRANSIT NO. 4. 


Station: Seaton, Washington.—G. W. D., observer.—June 109, 1867. 


FA Cramp WEST. Cramp East. 
fy 
me g Object-glass S. Object-glass N. ret = 
6 ee Level. EK arr d) Level. sw = 4) | 4 : 
us] o ee 
: buy be 
a o |W.cnd.}| E.end. W. end.| E,end. 
<q & 
om sham e d. d. d. d. a. a. da 
55 | 10.30 A.M. |73 600 64.0 + 0.600 59.0 65.2 — 0.425 — 0.256 
65.2 58.8 64.0 59°5 
50 45 A.M. |72 65.0 59.0 + 0.950 64.0 59:5 — 0.250 — 0.300 
60.8 63.0 59.0 64.5 
45 50 A.M. |72.5| 60.8 63.0 + 1.450 59-5 64.0 — 0.125 ~ 0.304 
66.0 58.0 64.0 60.0 
40 | 11.00 A.M. |72.8] 65.0 58.8 + 1.050 64.0 60.0 — 0.175 — 0.306 
61.0 63.0 59.3 64.0 
35 O5 AM. |73 60.5 63.0 + 1.200 59-2 64.0 — 0.575 — 0.444 
65.5 58.2 63.0 60.5 
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The value of one division of this striding level was known 
to be 1.05. The whole set, of which this is a part, gave for 
a mean value of ~; — 0.337 divisions of the level = 0.354 = 
O7.024, 

116. The most accurate way of determining the value of 
one division of a level is by means of what is known as a 
level-trier or level-tester. The level-trier is essentially a bar 
supported at one end upon two pivots so that it is free to 
rotate about that end in a vertical plane, and carried at the 
other end by a good micrometer screw with its axis vertical. 
The length of the bar between supports and the pitch of the 
screw being known, the change of inclination of the bar 
corresponding to one turn of the screw is known. To deter- 
mine the value of a division of a level it is placed upon the 
bar, and movements of the bubble corresponding to successive 
small movements of the micrometer screw are observed. 
Both ends of the bubble must of course be read, as its length 
is apt to change rapidly with changes of temperature. By 
comparing successive movements of the bubble corresponding 
to equal successive movements of the screw the uniformity of 
the value of a level division, or, in other words, the constancy 
of the radius of curvature of the upper inner surface of the 
level tube,* may be inferred. Observations of the length of 
time required for the bubble to come to rest in a new position 
also give an indication of the value of the level as an instru- 


* The longitudinal section of the upper inner surface of a level tube is 
made as nearly a perfect circle as possible. If the student will consider 
how great is this radius of curvature in a sensitive striding level. he will 
appreciate to a certain extent the wonderful accuracy with which this sur- 
face must be ground. He will also understand why small deformations of 
the level tube by unequal changes of temperature have such a marked 
effect upon the movement of the bubble. The radius of curvature for a 
level of which each division is two millimeters long and is equivalent to 
one and a quarter seconds of arc,—a common type of level,—is more than 
three hundred meters (about a thousand feet). 
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ment of precision. This time is greater the smaller is the 
value of a division (of a given length) expressed in arc, but 
for levels of the same division value, is less the more perfect is 
the inner upper surface. If the level tube is so held in its 
metallic mounting that there is any possibility that it may be 
put under stress by a change of temperature, it is advisable to 
determine the value of a division wzth the tube in its mounting 
at two or more widely different temperatures. It may be 
well also to determine whether changing the length of the 
bubble, by changing the amount of liquid in the chamber at 
the end of the level tube, changes the apparent value of one 
division. 

117. If an observer is forced to determine the value of a 
level division in the field, remote from a level-trier, after some 
accident let us say, which leads to replacing an old, well-known 
(but broken) level by another of which the value is unknown, 
his ingenuity will lead him to devise a method of utilizing 
whatever apparatus is at his disposal. The three methods 
given below will be found suggestive. 

118. If a telescope having an eyepiece micrometer similar 
to that of a zenith telescope (§ 135), measuring altitudes or 
zenith distances, is available, the unknown angular value of a 
division of the level may be found by comparison with the 
known angular value of a division of the micrometer. Place 
the level in an extemporized mounting fixed to the telescope. 
Point with the micrometer upon some distant well-defined 
fixed object and read the micrometer and level. Change the 
micrometer reading by an integral number of divisions, point 
to the same object again by a movement of the telescope as 
a whole, and note the new reading of the level. Every 
repetition of this routine gives a determination of the value 
of a level division. 

119. If in his instrumental outfit he has another well- 
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determined level of sufficient sensibility the observer may use 
it as a standard with which to compare the unknown level. 
Put the unknown level in an extemporized mounting fastened 
to that of the known level. Adjust so that both bubbles are 
near the middle at once. Compare corresponding movements 
of the two bubbles for small changes of inclination common 
to both levels. 

120. The following method * gives fully as great precision 
as either of the other two outlined above, and is especially 
valuable because the required means are apt to be at hand in 
the field even when the apparatus required for the other two 
methods is wanting. 

For this method the only instrument required is a theodo- 
lite, or an engineer’s transit, or any other instrument having 
both horizontal and vertical circles (not necessarily with a fine 
graduation) and a good vertical axis. Mount the level on the 
plate of the instrument parallel to the plane of the telescope 
and adjust it as if it were a plate level. Make the vertical 
axis truly vertical in the usual way. Measure the zenith dis- 
tance of some well-defined stationary object, taking readings 
with (vertical) circle right and circle left to eliminate index 
error. Now incline the vertical axis directly toward or from 
the object, from 1° to 3°, by use of the foot-screws. The 
direction of this inclination may be assured by use of the 
plate level which is at right angles to the plane of the tele- 
scope. Measure the apparent zenith distance of the object 
again. The apparent change in the zenith distance is evi- 
dently the inclination of the axis to the vertical, which we 
will call y. If, now, the instrument is revolved completely 


* Described in full by Prof. G. C. Comstock in the Bulletin of the Uni- 
versity of Wisconsin, Science Series, vol. 1, No. 3, pp. 68-74. and said by 
him to be due originally to Braun. Those desiring further details are 
referred to that article, from which this statement is condensed. 
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around its vertical axis, two positions will be found at which 
the bubble of the level is in the middle of the tube. For 
positions near these two the bubble is within such limits that 
it may be read. It is from readings of the bubble in such 
positions, in connection with readings of the horizontal circle 
and the above outlined determination of y, that the value of 
a division of the level is derived. 

121. Let Fig. 19 “represent a portion of the ‘celestial 
sphere adjacent to the zenith, Z, and let V and S be the 
points in which the axis of the theodolite, and the line drawn 
from the center of curvature of the level tube through the 
middle of the bubble, respectively, intersect the sphere.’’ 
** Since the bubble always stands at the highest part of the 
tube, its position, S, and the corresponding value of g are 
found by letting fall a perpendicular from the zenith upon the 
arc VS, and in the right-angled spherical triangle thus formed 
we have the relation ’’ 


tat gu== tan77-€0S10...05 0 eke ent) 


‘* Since the level tube turns with the theodolite when the 
latter is revolved in azimuth, while the positions of the points 
V and Z remain unchanged, it appears that the angle 6 must 
vary directly with the readings of the azimuth circle.’’ ‘“‘ If 
we represent by A, the reading of the circle when the arc VS 
is made to coincide with VZ, we shall have corresponding to 
any other reading A’”’ 


tang: — taney cos (Ay 4 ) ye ne en Se) 


The value of A, may be obtained by taking the mean of 
any two readings of the circle for which the bubble stands at 
the same part of the tube. 

‘“Tf A’ and A” denote slightly different readings of the 
azimuth circle, 6’ and 6” the corresponding readings of the 
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middle of the bubble on the level scale, we may write two 
equations similar’’ to (51), ‘‘and taking their difference 
obtain ’’ 


sin (gi — 9") ; A! ie! : ( ees 
Peau aE een 2 sin - sin | A, — ia ae tan y. (52) 


‘Since g’ — q” is the distance moved over by the bubble, 
we may write g’ — g” = (6’ — 0’\d, where d is the value of 
a division of the level, and transform ”’ (52) into 


pen? tan y cos’ g sin $(A’ — A”) sin[A, — 4(A’+ A”)] 
a, Sin 1 bf’ — b” ; 


(53) 


In this equation cos’ g may usually be placed equal to 
unity. For greater accuracy the average value of g from 
equation (§1) may be used. A, may be determined as indi- 
cated just below equation (51). Only an approximate value 
for it isrequired. All other quantities in the second member 
of (53) are known. Hence d may be computed. It simplifies 
the computation to take the readings at equidistant points 
on the circle. Sin $(4’ — A”) will then be constant. 

It would seem at first sight that a value of d derived in 
this way by use of vertical and horizontal circles reading to 
half-minutes only (say) must necessarily be crude. If, how- 
ever, the inclination of the vertical axis is made 3°, y and 
its tangent, and therefore d, may be determined within one 
four-hundredth part. The readings of the horizontal circle 
do not need to be very refined, because for the positions used 
a comparatively large change in the circle reading is necessary 
to produce an appreciable change in the position of the 
bubble. This method, then, serves to determine the level 
value with an accuracy which bears little relation to the fine- 
ness of the circle graduations. 
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Discussion of Errors. 


122. Following the same general plan as in discussing the 
errors of sextant observations, the external errors, instru- 
mental errors, and observer’s errors will be discussed sepa- 
rately, and then their combined effect will be considered. 

The two principal external errors are the error in the 
assumed right ascension of the star, and the lateral refraction 
of the light from the star. 

If only such stars as are given in the various national 
ephemerides are observed for time, the probable errors in the 
right ascensions will usually be on an average + 0°.04 or 
+ 0°.05, and no appreciable constant errors need be appre- 
hended from this source. 

From considerations which need not be stated in detail 
here, one is led to the conclusion that the effect of lateral 
refraction upon transit time observations must be quite small 
in comparison with the other errors; but it is difficult to 
estimate, because it is always masked by other errors follow- 
ing about the same law of distribution. For further consid- 
eration of this matter see § 219. 

123. Among the instrumental errors may be mentioned 
those arising from change in azimuth, collimation, and inclina- 
tion, from non-verticality of the lines of the reticle, from poor 
focusing and poor centering of the eyepiece, from irregularity 
of pivots, and from variations in the clock rate. 

The errors of azimuth and collimation being determined 
from the observations themselves are quite thoroughly can- 
celled out from the final result, proveded they remain constant 
during the period over which the observations extend, and 
provided also that the stars observed are so distributed in 
declination as to furnish a good determination of these con- 
stants. Their changes, however, during that interval, arising 
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from changes of temperature, shocks to the instrument, or 
other causes, produce errors in the final result. It is in this 
connection that the stability of the pier is of especial impor- 
tance. Such changes will evidently be smaller the more 
rapidly the observations are made and the more carefully the 
instrument is handled. In general they are probably small 
but not inappreciable. 

To a considerable extent the same remarks also apply to 
the inclination error. The changes in inclination during each 
half-set evidently produce errors directly. Hence again the 
desirability of rapid manipulation. But the mean value of 
the inclination is determined from readings of the striding 
level, not from the time observations, and the level may give 
an erroneous determination of the mean inclination. Differ- 
ent observers seem to differ radically as to the probable mag- 
nitude of errors from this source, but the best observers are 
prone to use the striding level with great care. However 
small this error may be under the best conditions and most 
skilful manipulation, there can be no doubt that careless 
handling and slow reading * of the striding level, or a little 
heedlessness about bringing a warm reading lamp too near to 
it, may easily make this error one of the largest affecting the 
result. An error of 0.0002 inch in the determination of the 
difference of elevation of the two pivots of such an instrument 
as that described in § 83 produces an error of 0*.1 or more in 
the deduced time of transit of a zenith star. 

If the lines of the reticle are not carefully adjusted so as 
to define vertical planes (§ 85), stars will be observed too 
early or too late if observed above or below the middle of the 
reticle. Such errors may be made very small by careful 


* It is here assumed that before attempting to read the level it has been 
in position-long enough for the bubble to come to rest in the position of 
equilibrium. 
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adjustment and by always observing within the narrow limits 
given by the two horizontal lines of the reticle. 

Poor focusing of either the object-glass or the eyepiece 
leads to increased accidental errors because of poor definition 
of the star image. But poor focusing of the object-glass is 
especially objectionable, because it puts the reticle and the 
star image in different planes, and so produces parallax. The 
parallax error may largely be avoided by centering the eyepiece 
each time over the line of the reticle upon which the star is 
- next to be observed, or in observations with a chronograph, over 
the next group of lines. This repeated centering should never 
be omitted even though the observer may be confident that the 
focusing is perfect. It also serves in a measure to avoid 
errors which might otherwise be produced by the imperfec- 
tions of the eyepiece. 

If the inequality of the two pivots has been carefully 
determined as indicated in § 115, the errors arising: from 
defects in their shapes may ordinarily be depended upon to 
be negligible. 

Changes in the rate of the timepiece during a set of 
observations evidently produce errors in the deduced clock 
correction at the mean epoch of the set. Under ordinary 
circumstances such errors must be exceedingly small. If, 
however, an observer is forced to use a very poor timepiece, 
or if clouds interfere so as to extend the interval required for 
a set of observations over several hours, this error may 
become appreciable. It is less the more rapidly the obser- 
vations are made. 

The errors introduced by irregularity in the action of a 
chronograph of the form described in § 89 are too small to be 
considered, especially if its speed is assumed to be constant 
simply during the interval between successive clock breaks, 
and the chronograph sheet is read accordingly. 

124. The observer's errors are by far the most serious in 
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transit time observations. He is subject to both accidental 
and constant errors in his estimate of the time of transit . 

From computations based upon thousands of observed 
transits it is known that an experienced observer is subject to 
an accidental error of from + 0°.06 to + O*.15 in estimating 
the time of transit of a star of declination less than 60° across 
a single line of the reticle of such instruments as those de- 
scribed in § 83. For slower stars his error, expressed in 
time, is of course still greater. If the observations of the 
transits of a given star across the different lines of the reticle 
were not subject to any error common to all the lines, the 
probable error of the deduced time of transit across the mean 
line would vary inversely as the square of the number of lines 
in the reticle. But experience, as above, indicates that there 
is an error common to all the lines of 0°.05 to o°.12. This 
error, sometimes called the culmination error, is an observer’s 
error, which is constant for the interval during which the star 
is transiting across the reticle, but which may change before 
the next star is observed. From the method by which this 
value (0°.05 to 0*.12) was deduced it also necessarily includes 
the small errors due to lateral refraction and irregularities in 
clock rate, as well as some small outstanding instrumental 
errors. The probable error, 7, of the time of transit of a star 
(of declination less than 60°) across the mean line of a reticle 
is, therefore, given by an equation of the form 

(0°.06)? to (0%. 15)? 


1 ==1(©'.05- tO O°. 12)--1- : 


in which z is the number of lines in the reticle. (Compare 
Soe iL, 6302, 5303) FOr a morevextended: discussion ‘see 
Coast and Geodetic Survey Report for 1880, Appendix No. 
14, pp. 235, 236, or Doolittle’s Practical Astronomy, pp. 
318-322 
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125. In addition, still, to these errors there is another 
which is constant for all the observations of a set. Every 
experienced observer, though doing his best to record the 
time of transit accurately, in reality forms a fixed habit of 
observing too late, or too early, by a constant interval. This 
interval between the time when the star image actually tran- 
sits across a line of the reticle and the recorded time of 
transit is called the absolute personal equation of the observer. 
The difference between the absolute personal equations of two 
observers is called their relateve personal equation. The rela- 
tive personal equation of two experienced observers has been 
known to be as great as 1*°.2, and values greater than 0°.25 
are common. For a more detailed discussion of personal 
equation, see §§$ 243, 244. 

126. To sum up, it may be stated that the accidental 
errors in the determination of a clock correction from obser- 
vations with a portable astronomical transit upon ten stars 
may be reduced within the limits indicated by the probable 
error + 0°.02 to + 0*.10, but that the result is subject to a 
large constant error, the observer’s absolute personal equation, 
which may be ten times as great as this probable error. 


Miscellaneous. 


127. In the field it is often necessary to use other instru- 
ments as transits for the determination of time. A theodolite 
when so used is apt to give results of a higher degree of 
accuracy than would be expected from an instrument of its 
size as compared with the astronomical transits whose per- 
formance has just been discussed,—unless, indeed, one has it 
firmly fixed in mind that the principal errors in a transit time 
determination are those due directly to the observer. On the 
other hand, a zenith telescope of the common form in which 
the telescope is eccentric with respect to the vertical axis has 
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been found to give rather disappointing results,—perhaps 
because of the asymmetry of the instrument and of the fact 
that there can be no reversal of the horizontal axis in its 
_ bearings, but only of the instrument as a whole. 

128. The mathematical theory for the determination of 
time by the use of the transit in any position out of the 
meridian has been thoroughly developed. That practice has 
been advocated. But the additional difficulty of making the 
computation, over that for a transit nearly in the meridian, and 
other incidental inconveniences, much more than offset the 
fact that the adjustment for putting the transit in the 
meridian is unnecessary. The transit is generally used in the 
meridian for time, at least in this country. 

129. The use of the transit for time in the vertical plane 
passing through Polaris at the time of observation has also 
been advocated and has been used to a considerable extent in 
Europe and in Canada. ‘The obvious advantage which this 
mode of observing possesses lies in the shorter period of time 
during which the observer depends upon the stability of his in- 
strumental constants. For meridian observations this period is 
rarely much less than half an hour, while by the method sug- 
gested ’’—-in which the whole time set consists of a pointing 
upon Polaris immediately followed by an observation of the 
transit of a zenith or southern star across that vertical plane 
— it need never éxceed five minutes.’’* This method is 
open, to a less extent, to the same objections as that of the 
preceding paragraph. This, in connection with the fact that 
it is rarely used in this country, makes its extended discussion 
inadvisable here. 

130. If the transit is turned at right angles to the plane 
of the meridian, in other words, is put in the prime vertical, 


* See Bulletin of the University of Wisconsin, Science Series, vol. 1., 
No. 3, pp. 81-93. 
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an observation of the time of transit of a star across the mean 
line of its reticle furnishes a good determination of the lati- 
tude of the station if the clock correction is known. Or, if 
both transits, east and west of the zenith, are observed, the 
latitude may be computed without a knowledge of the clock 
correction. Formerly this method * was often used for the 
determination of latitude. Now it is almost entirely super- 
seded by the use of the zenith telescope for latitude. 

131. The Sun or a planet may sometimes be observed for 
time. In the case of the Sun the transit of both the preced- 
ing and the following limb may be observed, and the mean 
taken as the time of transit of the center. Both limbs of a 
planet may possibly be observed if a chronograph is used. 
Otherwise the preceding and following limbs may be observed 
alternately on successive lines of the reticle, taking care that 
the number of observations on each limb is the same, and the 
mean of all taken as the transit of the center across the mean 
line. 

182. It is not advisable to observe the Moon for time, for 
its place is not well determined. Usually but one limb can be 
observed, the other being either obscure or invisible; and the 
observation of the limb on a side line of the reticle is affected 
by the rapid change in the Moon's right ascension and by a 
parallax due to its comparative nearness to the Earth. 


QUESTIONS AND EXAMPLES. 


183. 1. An observer who is trying to get his transit into 
the meridian to begin observations for time finds that an 
observation upon » Draconis (6 = 61° 45’) indicates that his 
chronometer is 4°.2 fast of local sidereal time, while an obser- 
vation upon # Herculis (6 = 21° 43’) indicates that his 


* For the detail of this method see Doolittle’s Practical Astronomy, 
pp. 348-377, or Chauvenet’s Astronomy, vol. Il., pp. 238-271. 
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chronometer is 1°.3 slow. Assuming that the instrument is 
in perfect adjustment with respect to collimation and inclina- 
tion, how much must he turn the slow-motion screw which 
shifts his instrument in azimuth, if one turn produces a change 
of 200” in azimuth? The latitude of the station is 39° 58’. 
Is the object-glass too far east, or too far wesc, when the 
telescope is pointing northward ? 


Ans. 0.37 turn. Too far west. 


2. The star 5 Urse Minoris (6 = 76° 09’) was observed 
to transit as follows: Line I, 9" 48™ 41°.03; II, 49™ 38°.52; 
eae Oeeebeul 2c Slr Sie 7OsA Vath 225. 708 a V1, ee 
26°.40; VII, 54™ 22°.58. Derive the equatcrial intervals of 
the various lines from the mean line. 


As elven AO Os alles 27-17 se LIT, 13% O2 al Ve 
— 0°.08; V, + 13°.59; VI, + 27°.38; VII, + 40°.83. 


3. While observing a transit of the star 24 Come (6 = 18° 
57’) clouds interfered so that observations upon the first and 
second lines of the reticle were missed. The observed times 
of transit across the remaining lines were as follows: III, 
Sten s 20-40% Nya b3 34.935. V,, lS AO 205 V4, 14°" 03005 
VII, 14™ 18°.10. The known equatorial interval of the first 
line is — 40°.86, and of the second — 27°.31. Deduce the 
time of transit across the mean of the seven lines. 

VAS E93 A= -GO: 

4. Draw two diagrams illustrating the geometric relations 
from which formule (34) and (35) of § 96 are derived. 

5. The following ten stars were observed for time with a 
Troughton and Simms transit at Cornell University on May 
23, 1896. Given the partially reduced results as indicated 
below, compute the correction to the Howard clock (keeping 
mean time) with which the observations were made. 
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Position Corrected Transit Right Ascension 

Star. 6, of Across Reduced to 

Lamp. Mean Line.* Mean Time. 
Wiehe .coane Soo iy Git Ww 85 56™ 18°.84 85 48™ 22°.66 
mgs (Goswes og.cpa ba soo 28 24 Ww 9g 06 18.93 Si 58s 22848 
ZOUCANAVET siterate 5 git Oy WwW Or 2a. 0000 Q) 104) 03.535 
‘6 Wires WAN bUccnoos BS 2 Ww 9 Ig 00.84 QuelinnO40. 30 
(Cie, MOO ie cocane onc. TX IO WwW G) PRX AG Ae0) Oy aw fo) a Like) 
Typ 1S, (CAs WEilboos Sy Ze 13, @) 20) 3} aisle) on PRE PASH ALsil 
if) URES NED naacodccn 40) EO E 9 42 39.58 9 34 42.52 
if) IYXRGISs ceca cond t 18 55 £E 9 48 54.94 Ore4Ou 155123 
iv RYO ooasaq aos yp 138 £ Ques 50 6371-63 9 47 40.83 
Gt DKENGs oo dco OGD 6 64 52 £E TOMNOON 45 2.08 lop eae YAMS 5 7/ 
wns. sby-the method of $:104, 47 i= 7" 56273,56— 

+ 0°.17, 4y = + 0*.73, and az = + 0*.30. 

iby thesmethod sol S$5107,.7 47 —=— — 7 %6".74,, 4. O02, 


CeO .00 30g = 110°. 34, et One la 

6. The following ten stars were observed for time at 
Washington, D. C. (¢@ = 38° 54’), on June 22, 1896, witha 
sidereal chronometer. Given the following data, compute 
the chronometer correction on local sidereal time: 


Position Corrected Transit Right Ascension 

Star. 6. of Across Reduced to 

Lamp. Mean Line.* Mean Time. 
Bi Serpettisua- kr Ge siGy E I5® ro™ 03°.96 . 15% ro™ 049.14 
re Vals Wie, Bats cGoc 67 «46 S35; TESS OL T5306 
OOS eieterssteretteras 37 44 £ Th COME 77.07, 5 20mg OOS 
Pal raACOni Sate ete reise 59 20 ££ 1 PO Ase Sit TS e2 25d Oe20 
De" WOON: Conoco Age a JB; lity op AS area Tanti 4es7 Os 
(6 Coie, lever Shipsos HO Be! Ww ui aOR syoeii:' TSS 5 eesOroS 
NSE SAK Goaocce 18 28 W 15 44 05.86 I5 44 06.54 
Whee. WGI Goo 6 don oie (Ov) Ww TS eed 2 LO) 15) (476 50.32 
ClO IBiienaga Goo5 Pip ath WwW Tj SO eeEQ 42 T5153 al Qno2 
GRD TACONIS tiers sielee 5 Omsa: Ww I5 59 59.56 I5 59 59.92 


Ans: by the method: ofS) 104,847. — 006,06 == 
0232, dz = + 0°.60, and dy-= -+ 07.82. 

By the method of § 107, 47, = + 0°.08 + 0°.03, ¢= +- 
0°.32, @z = + 0°.66, and ay, = + 0°.80. 


* Transit corrected for diurnal aberration, pivot inequality, and 
inclination, 
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7. Suppose that a striding level carries a continuous 
graduation of one hundred divisions each one-twentieth of an 
inch long, and that each division represents one second of arc. 
By about how much does the arc which is the longitudinal 
section of the upper inner surface of the level tube depart 
from the chord of that-arc joining the end graduations ? 

Ans 0.00030 inch. 
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CHAPTER GY. 


THE ZENITH TELESCOPE AND THE DETERMINATION OF 
LATITUDE. 


The Principle of the Zenith Telescope. 


134. The zenith distance of a star when on the meridian 
is the difference between the latitude of the station of obser- 
vation and the declination of the star. Hence a measurement 
of the meridional zenith distance of a known star furnishes a 
determination of the latitude. In the zenith telescope, or 
Horrebow-Talcott, method of determining the latitude there 
is substituted for this measurement of the absolute zenith 
distance of a star the measurement of the small difference of 
zenith distances of two stars culminating * at about the same 
time on opposite sides of the zenith. The effect of this sub- 
stitution is the attainment of a much higher degree of pre- 
cision, arising from the increased accuracy of a differential 
measurement, in general, over the corresponding absolute 
measurement; from the elimination of the use of a graduated 
circle + in the measurement; and from the fact that the com- 
puted result is affected, not by the error in estimating the 
absolute value of the astronomical refraction, but simply by 
the error in estimating the very small difference of refraction 
of two stars at nearly the same altitude. 


* A star is said to culminate at the instant when it crosses the meridian. 

+ The zenith telescope carries a graduated circle, but it is used simply 
as a finder or setting circle, and its readings do not enter the computed 
result. 
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One may form a concrete conception of the relation 
between the latitude and the measured difference of zenith 
distance as follows: Suppose an observer, A, measures the 
difference of the meridional zenith distances of two stars and 
finds one to be i° farther south of his zenith than the other 
is north of it. Suppose that another observer, BL, is stationed 
just 1’ due north of A, and measures the difference of zenith 
distances of those same stars at the same times. For 2 the 
southern star will evidently be 1’ farther from the zenith than 
for A, and the northern star 1’ nearer the zenith. Hence B 
will find the difference of the zenith distances to be 1° 02’. 
Or, a given change in the position of the observer, along a 
meridian, produces double that change in the difference of 
zenith distances of two stars which culminate on opposite 
sides of the zenith. (Let the student draw a figure, in the 
plane of the meridian, to illustrate this paragraph.) 


Description of the Zenith Telescope. 


135. Fig. 20 shows a zenith telescope which is the prop- 
erty of the Coast and Geodetic Survey. 

The arm A turns with the superstructure of the instru- 
ment and may be clamped to the horizontal circle, which is 
fixed to the base. At & and ZB are two stops which may be 
clamped to the circle in such positions that the telescope will 
be in the meridian when the arm 4 is in contact with either 
of them. One end of the horizontal axis is shown at C. The 
striding level is shown at D. It is counterweighted so as to 
make it balance on the horizontal axis. By means of the 
vernier and tangent screw at £, the levels /F (called latitude 
levels) can be set at any required angle with the telescope. 
These levels each carry a 2-mm. graduation of 50 divisions, 
numbered continuously from one end. The value of one 
division is about 1.5 seconds. One level would serve the 
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purpose, but two were placed upon this instrument so that 
increased accuracy might be secured by reading both. By 
means of the clamp at G and the tangent screw at //, operat- 
ing upon the sector /, the telescope may be brought to any 
desired inclination. 

The object-glass has a clear aperture 7.6 cm. (= 3.0 in.) 
in diameter, and its focal length is 116.6 cm. (= 45.9 in.). 
The eyepiece has a magnifying power of 100 diameters. The 
focal plane of the object-glass lies in the rectangular brass box 
shown at /. The micrometer screw, of which the graduated 
head is shown at X, controls a rectangular brass frame sliding 
in parallel guides within this box. The movable line with 
which the star bisections are made is stretched across the 
sliding frame. While in use the object-glass is so focused as 
to make the focal plane coincide with the plane in which this 
line moves. 

To facilitate counting the whole turns of the micrometer 
screw a small brass strip is placed in one side of the field of 
view of the eyepiece nearly in the plane of the micrometer 
line. The edge of the strip is filed into notches 0.01 in. 
apart. The pitch of the screw being 0.01 in., the micrometer 
line appears to move one notch along this comb for each com- 
plete turn of the screw. The whole turns are thus read from 
the comb, and the fractions are read from the head of the 
screw, which is graduated into one hundred equal divisions. 

In Fig. 21, drawn ina vertical plane through the center 
of the telescope, let O be the optical center ™ of ‘the object- 
wlass.. WvetS be the position of astar.) Thevstarsimaceas 
formed at the focus 7, which is necessarily in the line SO 
produced. If the star is to appear bisected, the micrometer 
line must be placed at 7. If another star later occupies the 


* The optical center of a lense is that point through which all incident 
rays pass without permanent change of direction. 
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position S’, its image will be formed at 7’, in S’O produced, 
and to make a bisection the micrometer screw must be turned 
until the micrometer line is at 7’. The recorded number of 
turns of the micrometer screw required to move the line from 
I to T’ gives a measurement of the linear distance 77’. 
For the small angles concerned this linear distance is propor- 
tional to the angle 7OT7’, the equal of SOS’. Hence the 
observed movement of the micrometer screw gives a measure- 
ment of the difference of zenith distances, SOS’, of the two 
stars. In this particular instrument, the pitch of the screw 
being about 0.01 in. and the focal length O7 about 45.9 in., 
one turn of the screw measures an angle* of about sin7’ sae 
or about 40”. > 

The more common form of zenith telescope differs from 
the one here shown in having the telescope mounted eccen- 
trically on one side of the vertical axis instead of in front of 
it, as in this case; in having a clamp which acts directly upon 
the horizontal axis in the place of the clamp at G acting on 
the sector 7; and in having only one latitude level instead of 
two. 


Adjustments. 


136. The vertical axis must be made truly vertical. In 
adjusting and using the instrument it will be found conven- 
ient to have two of the three foot-screws in an east and west 
direction. ‘The vertical axis may be made approximately 
vertical by use of the plate level, if there is one on the instru- 
ment, and the final adjustment made by using the latitude 


* The value of one turn cannot be determined with sufficient accuracy 
by such linear measurements. They are given here merely to illustrate 
the principle involved. The indirect process by which the value is ordi- 
narily determined will be found described in $§ 158-164. 
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level. The process in each case is precisely the same as that 
of using the unadjusted plate levels of an engineer’s transit 
to adjust its vertical axis. | 

The horizontal axis must be perpendicular to the vertical 
axis. This may be tested, after the vertical axis has been 
adjusted, by reading the striding level in both of its positions. 
If the horizontal axis is inclined, it must be made horizontal 
by using the screws which change the angle between the hori- 
zontal and vertical axes. 

137. The line of collimation must be perpendicular to the 
horizontal axis. If the instrument is of the form shown in 
Fig. 20, this adjustment may be made as for an astronomical 
transit ($ 86) by reversing the horizontal axis in the Ys. If 
the instrument is of the form in which the telescope is eccen- 
tric with respect to the vertical axis, the method of making 
the test must be modified accordingly. It may be made as 
for an engineer’s transit, but using ¢wo fore and ¢wo back 
points, the distance apart of each pair of points being made 
double the distance from the vertical axis to the axis of the 
telescope. Or, a single pair of points at that distance apart 
may be used and the horizontal circle trusted to determine 
when the instrument has been turned 180° in azimuth. If 
one considers the allowable limit of error in this adjustment 
(see § 167), it becomes evident that a telegraph pole or small 
tree, if sufficzently distant from the instrument, may be 
assumed to be of a diameter equal to the required distance 
between the two points. Or, a single point at a known dis- 
tance may be used and a computed allowance made on the 
horizontal circle for the parallax of the point when the tele- 
scope is changed from one of its positions to the other. 

138. During daylight the object-glass should be carefully 
focused on the most distant well-defined object available, to 
insure that stars may be seen at night. <A neglect to do this 
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may cause the observer, especially if inexperienced, much 
annoyance while he is trying to find out why stars for which 
the settings are properly made do not appear in the telescope. 
At the first opportunity the focus should be tested upon a 
star. When once the focus has been satisfactorily adjusted 
at a station, so that there is no parallax, it should not again 
be changed at that station. For any change in the object- 
glass focus changes the angular value of a division of the 
micrometer. It is well to clamp the slide so as to make an ° 
accidental change of focus impossible. 

The stops on the horizontal circle must be set so that when 
the abutting piece is in contact with either of them the line 
of collimation is in the meridian. For this purpose, and 
throughout the observations, the chronometer correction must 
be known roughly, within one second, say. Set the telescope 
for an Ephemeris star which culminates well to the northward 
of the zenith, and look up the apparent right ascension for the 
date. Follow the star with the middle vertical line of the 
reticle, at first with the horizontal motion free, and afterward 
using the tangent screw on the horizontal circle, until the 
chronometer, corrected for its error, indicates that the star is 
on the meridian. Then clamp a stop in place against the 
abutting piece. Repeat for the other stop, using a star which 
culminates far to the southward of the zenith. It is well to 
test the setting of each stop again by an observation of 
another star before commencing latitude observations. 

139. The movable line, attached to the micrometer, with 
which pointings are to be made must be truly horizontal. 
This adjustment may be made, at least approximately, in 
daylight after the other adjustments. Point, with the mov- 
able line, upon a distant well-defined object, with the image 
of that object near the apparent right-hand side of the field of 
the eyepiece. Shift the image to the apparent left-hand side 
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of the field by turning the instrument about its vertical axis. 
If the bisection is not still perfect, half the correction should 
be made with the micrometer and half with the slow-motion 
screws which rotate the whole eyepiece and reticle about the 
axis of figure of the telescope. The adjustment should be 
carefully tested at night after setting the stops, by taking a 
series of pointings upon a slow-moving star as it crosses the 
field with the telescope in the meridian. If the adjustment 
is perfect the mean reading of the micrometer before the star 
reaches the middle of the field should agree with its mean 
reading after passing the middle, except for the accidental 
errors of pointing. It is especially important to make this 
adjustment carefully, for the tendency of any inclination is to 
introduce a constant error into the computed values of the 
latitude. 


The Observing List. 


140. Before commencing the observations at a station, an 
observing list should be prepared, showing, for each star to 
be observed, its catalogue number or its name, its magnitude, 
mean * right ascension and declination (at the beginning of 
the year), zenith distance, whether it culminates north or 
south of the zenith; and for each pair the setting of the ver- 
tical circle (the mean of the two zenith distances), the differ- 
ence of the zenith distances with its algebraic sign as given by 
formula (54); and finally the micrometer comb setting for each 
star. For the purposes of the observing list the right ascen- 
sions to within one second of time, and the declinations and 
derived quantities within one minute of arc, are sufficiently 
accurate. If the micrometer comb reading is one minute per 
notch, and the middle notch is called 20, the comb setting for 


* For the definition of the mean place of a star see §§ 37, 39. 
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one star is 20-++ the half-difference of zenith distances for one 
star, and 20 — that half-difference for the other star of a pair. 

The requisites for a pair of stars for this list are that their 
right ascensions shall not differ by more than 20”, to avoid 
too great errors from instability in the relative positions of 
different parts of the instrument; nor by less than 1”, that 
interval being required to take the readings upon the first star 
and prepare for the second star of a pair; that their difference 
of zenith distances shall not exceed half the length of the 
micrometer comb, 20’ for the usual type of instrument; that 
each star shall be bright enough to be seen distinctly—not 
fainter than the seventh magnitude for the instruments here 
described; and that no zenith distance shall exceed 35°, to 
guard against too great an uncertainty in the refraction. The 
selection of a series of such pairs from the stars of a catalogue 
requires much time and patience. 

The total range of the list in right ascension is governed 
by the hours of darkness on the proposed dates of observa- 
tion, and by the convenience of the observer. The third of 
the above conditions may perhaps be used more conveniently 
in this form: the sum of the two declinations must not differ 
from twice the latitude by more than 20’. To prepare the 
list the latitude of the station should be known within a 
minute. It may possibly be secured from a map; if not, then 
from a sextant observation of the Sun, or from an observation 
of the meridional zenith distance of a star with the finder 
circle of the zenith telescope. 

141. The stars selected should be such that their com- 
puted mean places may be made to depend in each individual 
case upon observations at several different observatories. 
The declination of a star as derived from observations at a 
single observatory will not in general be sufficiently accurate 
for the purpose in hand. 
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If the observer knows that in making the computation an 
ample collection of catalogues * of original observations at 
each of various observatories will be available, he may select 
all the suitable pairs he can find in any extenszve list of stars, 
say the British Association Catalogue, or any of the Green- 
wich Catalogues, and trust to finding afterward in the various 
catalogues a sufficient number of observations upon each star 
at various observatories to give an accurate determination of 
its place. This is the usual procedure in the Coast and 
Geodetic Survey. A computer in the office at Washington 
calculates the declinations of the stars which have been 
observed for latitude by bringing together in a least square 
adjustment all the observations upon each star that he finds 
in his large collection of star catalogues. 

If the necessary collection of catalogues of original obser- 
vations is not known to be available, the observing list had 
best be made up from star lists in which the declinations given 
are the result of the compilation and computation of original 
observations at various observatories as outlined above. 
Among such available lists of mean places are those in the 
various national ephemerides; Preston’s Sandwich Island List 
in the Coast and Geodetic Survey Report for 1888, Appendix 
No. 14, pp. 511-523; the list given in Appendix No. 7, pp. 
83-129, C. & G. S. Report for 1876; and Boss’ list in the re- 
port of the Survey of the Northern Boundary from the Lake 
of the Woods to the Rocky Mountains, pp. 592-615. These 
lists are given in about the order of the accuracy of their star 
places when reduced to the present time, the more recently 
computed places being more accurate, if other conditions are 
about the same. In the report of the Mexican Boundary 
Survey of 1892-93, which is about to be published, there will 


* An indication of what is meant by ‘‘anamplecollection of catalogues" 
may be gained by reading § 37. 
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be given an unusually accurate list of declinations prepared 
for that survey by Prof. T. H. Safford. 

142. If an observer finds difficulty in securing a sufficient 
number of pairs from the available lists of accurately com- 
puted places, he may extend his list in two ways. Firstly, 
and preferably, if he has a good instrument, by extending the 
limits given in § 140. The limit of difference of right ascen- 
sions may not safely be extended much; the limit of difference 
of zenith distances may be extended to the full length of the 
micrometer comb, say 40’; and zenith distances as great as 
45° may be allowed. Secondly, he may have recourse in his 
extremity to a catalogue of original observations at the 
Greenwich observatory for enough pairs to complete his list. 
The number of pairs required may be estimated by the con- 
siderations dealt with in § 169. 

In the list of pairs resulting directly from the search in the 
star catalogues there will be many pairs which overlap in time. 
A feasible observing list may be formed by omitting such 
pairs that among the remainder the shortest interval between 
the last star of one pair and the first star of the next shall not 
be less than 2™. In that interval a rapid observer can finish 
the readings upon one pair, set and be ready for the next, 
under favorable circumstances. The omitted pairs may be 
included in a list prepared for the second or third night of 
observation if one uses the second plan outlined in § 169. 
Also, it will frequently be found that the same star occurs in 
two or more different pairs. Such pairs may be treated like 
those which overlap in time, or the three or more stars form- 
ing what might be called a compound pair may all be observed — 
at one setting of the telescope and then treated in the com- 
putation as two or more separate, but not independent, pairs. 

It is desirable to so select the pairs that the algebraic sum 
of all the differences of zenith distances for a station shall be 
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nearly zero, so as to make the computed latitude for the 
station nearly free from any effect of error in the mean value 
of the micrometer screw. 


Directions for Observing. 


148. The instrument being adjusted, set the vertical circle 
to read the mean zenith distance, or “‘ circle “setting’’ as 
marked in the observing list, of the first pair. Direct the 
telescope to that side of the zenith on which the first star of 
the pair will culminate. Put the bubble of the latitude level 
nearly in the middle of the tube by using the tangent screw 
which changes the inclination of the telescope. Place the 
micrometer thread at that part of the comb at which the star 
is expected, as shown by the observing list. Watch the 
chronometer to keep posted as to when the star should 
appear. When the star enters the field place the micrometer 
thread approximately upon it, and center the eyepiece over 
the thread. As soon as the star comes within the limits indi- 
cated by the vertical lines of the reticle bisect it carefully. 
As the star moves along watch the bisection and correct it if 
any error can be detected. Because of momentary changes 
in the refraction, the star will usually be seen to move along 
the thread with an irregular motion, now partly above it, now 
partly below. The mean position of the star is to be covered 
by the line. An attempt is being made to secure a result 
which is to be in error by much less than the apparent width 
of the thread, hence too much care cannot be bestowed upon 
the bisection. It is possible, but not advisable, to make 
several bisections of the star while it is passing across the 
field. As soon as the star reaches the middle vertical line of 
the reticle read off promptly from the comb the whole turns 
of the micrometer, read the level, and then the fraction of a 
micrometer turn, in divisions, from the micrometer head. Set 


° 
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promptly for the next star, even though it is not expected 
soon. In setting for the second star of a pair all that is 
necessary is to reverse the instrument in azimuth and set the 
micrometer thread to a new position. 

144. The instrument must be manipulated as carefully as 
possible. Especial care should be taken in handling the 
micrometer screw, as any longitudinal force applied to it pro- 
duces a flexure of the telescope which tends to enter the 
result directly as an error. The last motion of the micrometer 
head in making a bisection should always be in the same 
direction (preferably that in which the screw acts positively 
against its opposing spring), to insure that any lost motion is 
always taken up in one direction. The bubble should be read 
promptly, so as to give it as little time as possible to change 
its position after the bisection. The desired reading is that 
at which it stood at the instant of bisection. Avoid carefully 
any heating of the level by putting the reading lamp, warm 
breath, or face any nearer to it than necessary. During the 
observation of a pair the tangent screw of the setting circle 
must not be touched, for the angle between the level and 
telescope must be kept constant. If it is necessary to relevel, 
to keep the bubble within reading limits, use the tangent 
screw which changes the inclination of the telescope. Even 
this may introduce an error, due to a change in the flexure of 
the telescope, and should be avoided if possible. 

145. For first-class observing it is desirable to have a 
recorder. He may count seconds from the face of the 
chronometer for a minute before culmination in such a way 
as to indicate when the star is to culminate according to the 
right ascension given on the observing list, taking the known 
chronometer correction into account. Such counting aloud 
serves a double purpose. It is a warning to be ready and 
indicates where to look for the star if it is faint and difficult 
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to find. It also gives for each star a rough check upon the 
position of the azimuth stops and warns the observer when 
they need readjustment. It is only a rough check, because 
the observing list gives mean right ascensions (for the begin- 
ning of the year) instead of apparent right ascensions for the 
date. But in view of § 167 it is sufficiently accurate. The 
observer can easily make allowance for the fact that all stars 
will appear to be fast or slow according to the observing list 
by about the same interval, 0° to 5° (the difference between 
the mean and the apparent place). If a star cannot be 
observed upon the middle line, on account of temporary 
interference by clouds or tardiness in preparing for the obser- 
vation, observe it anywhere within the safe limits of the field 
as indicated by the vertical lines of the reticle and record the 
chronometer time of observation. 


EXAMPLE OF RECORD. 


146. Station—No. 8, near San Bernardino Ranch, Arizona. 
Instrument—Wurdemann Zenith Telescope No. 20. 
Observer—J. F. H. 

Date—August 9g, 1892. 


: Micrometer. Level. 
No. of | Star No. | N. or 
Pair DAG. S: 
Turns. Divisions. N. Ss Remarks. 
88 7528 S. 22 82.0 19-9|/54-9|Sky perfectly clear. 
7544 N. 16 98-9 56.0/20.9/Chronometer 21" fast. 
gr 7566 N. 24 Fis 52.9]17-9 
7586 Ss 13 68.9 17-9|52.8 
7631 N. 30 29-0 52.5/17.6 
93 7662 S: 9 13.0 16.4/51.7 
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Derivation of Formula. 


147. Let € and ©’ be the ¢vue meridional zenith distance, 
and 6 and 0’ the declination, of the south and north star of a 
pair, respectively. Then the latitude of the station is 


Pa uOT Cy uC 0 ey 


Let the student draw the figure and prove this formula. 

Let (¢ — 2’) be the observed difference of zenith distances 
of the two stars, the primed letter referring to the north star. 
(¢ — 2) is in terms of the observed micrometer readings 
= (WM — M")r, in which Mand M’ are the micrometer read- 
ing upon the south and north star, respectively, expressed in 
turns, and 7 is the angular value of one turn. Before this 
observed difference of zenith distances may be used in (54) it 
must be corrected for the inclination of the vertical axis as 
given by the level readings, for refraction, and for reduction 
to the meridian if either star is observed off the meridian. 

148. Let d be the value of one division of the latitude 
level. Let x ands be the north and south reading, respec- 
tively, of the level for the south star, and xz’ and s’ the same 
for the north star. Then, if the level tube carries a graduation 
. of which the numbering increases each way from the middle, 
the inclination of the vertical axis, considered positive if the 
upper end is too far south, is 


Sinn") — C45). Day a A(ee 


If the level tube carries a graduation which is numbered 
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continuously from one end to the other, with the zero nearest. 
the eyepiece, the inclination of the vertical axis is 


S@ +N. 6 2. + (6) 


If the zero is nearest the object-glass the algebraic sign must 
be changed from that given above. 

The inclination of the vertical axis makes the south zenith 
distance too small by the amount indicated by (55) or (56) 
and the north too large by the same amount. Hence the 


a 
correction to 4(z — 2’) is zi {(2 +n’) — (s+ s’)}, or the corre- 


sponding expression (56). 

149. The refraction makes each apparent Prt distance 
too small. If Rand A’ represent the refraction for the south 
and north star, respectively, the correction to (¢— 2’) is 
(R — R’), and to Hz — 2’) is $(R — R’). 

Let m be the correction to the apparent zenith distance 
of a south star observed slightly off the meridian to reduce it 
to what it was when on the meridian, and m’ the correspond- 
ing reduction for a north star observed off the meridian. The 
correction to $(¢ — 2’) will then be $(# — m’). mand m’ are 
of course zero in the normal case, when the observation is 
made in the meridian. 

Formula (54) may now be written, for an instrument with 
the level graduated both ways from the middle, 


= H+ 8) + (MME + Sn $n) —(6 +59) 


(57) 


mn! 
2 


+HR — R)+ 7 — 
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This is the working formula for the computation, but the 
values of the last two terms may be conveniently tabulated. 

150. The difference R — &’ being very small, the variation 
of the state of the atmosphere at the time of observation from 
its mean state (see refraction tables, §§ 294-297) may be 
neglected, except for stations at high altitudes. It has been 
shown, by the investigations of the laws of refraction which 
have been referred to in §§ 67-69, that this differential refrac- 
tion, for the mean state of the atmosphere, is, with sufficient 
accuracy for the present purpose, 


R— Ko >57-.7 sin (@— 2) sec. 2. . . (58) 


By computation from this formula the value of the term 
4(R — KR’) of formula (57) has been tabulated, in § 304, for 
the arguments $(¢ — 2’) as directly observed with the microm- 
eter, and the zenith distance. 

If the station is so far above sea-level that the mean 
barometric pressure is less than 5, say, of 760 mm. (§ 294), 
the mean pressure at sea-level, it is necessary to take this fact 
into account by diminishing the values of the differential 
refraction given in § 304 in the ratio of the mean pressures. 
That is, if the mean pressure is 10% less than at sea-level 
diminish the values of § 304 by 10%; if 20% less subtract 20%, 
and so on. Inspection of the table shows that this allowance 


need only be made roughly, since the tabular values are small. 


151. The value of =, and of its equal =, is tabulated in 


§ 305. The table gives directly the correction to the latitude 
for any case of a star observed off the meridian, but within 
one minute of it. If both stars of a pair are observed off the 
meridian two such corrections must be applied, one for each 
star. For the difficult derivation of the formula from which 
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this table is computed see Chauvenet’s Astronomy, vol. II. 
pp. 346, 347; or Doolittle’s Practical Astronomy, pp. 505, 
506. 


EXAMPLE OF COMPUTATION. 
152. Station—No. 8, near San Bernardino Ranch, Arizona. 
Instrument—Wurdemann Zenith Telescope No. 20. 


Observer—J. F. H. 
Date—August 9, 1892. 


[Left-hand page of Computation.] 


Micrometer. 


b pa ; Level. 
3 So. see = 6s"! a Ti CiVere=n fee 5 
i={S) 5 4 a2 
b rs Pe BAF 
CD. 5 aa AD) Sa Declination. 
Oe As NS Level | Sa 
sich |p ce ic) : F A EA 
si& | sa z Reading.| Diff. Z. D. N. S. Corr. in} 6Q 
a a a Div. = 
t d. z. d. 
7528 S. 22 82.0 19.9 54.9 19° 46’ 48/'.62 
88 7544) N. | 16 98.9|/+ 5 83.1 56.0 20.9 | +0.52]| —-— | 42 47 05 .83 
ox 7566 | N. | 24 71.2 52-9 17-9 37 47 26 .64 
7586 Ss: 13 68.9 | —11 02.3 17.9 52.8 | +0.03] ——— | 25 03 55 .38 
7631 N. | 30 29.0 52.5 17.6 55 17 23 .93 
93 7662 Ss. 9 13.0 | —21 16.0 16.4 51.7 +0.50] ———| 7 44 26 .71 
[Right-hand page of Computation. | 
Sum and Mean Corrections. 
CIDA T EONS | Latitude. Remarks, 
Micrometer. | Level. |Refraction.|Meridian. 
62° 33’ 54''.45 
3x 16 57 .22 | + 3! o1/’.05 | + 0/'.67 + 0/.04 —— _ | 31° 19’ 58/’.98 
62 51 22 .02 
BI 25 4m or; — 5 425.26] +0 .04 —o .08 _— 58 .71 
63 or 50 .64 
ZI 30 55 .32| —I0 57 .or | +0 .64 Onto _—_— 58 .77 


— 
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Explanation of Computation. 

158. The first seven columns of the computation need 
no explanation. The eighth column gives the values of 
Aim’ +s’) — (z+ s)t, § 148, the level tube of this instru- 
ment being graduated continuously from end to end with the 
zero nearest the eyepiece. The ninth column gives the 
meridian distance of such stars as were not observed upon the 
meridian. It is the hour-angle of the star expressed in 
seconds of time. To obtain the apparent right ascension 
within one second, which is sufficiently accurate for the 
determination of the required hour-angle for the present pur- 
pose, proceed as follows: Select a star from the mean place 
list of the Ephemeris which has nearly the same right ascen- 
sion and declination as the star in hand. Compare its mean 
right ascension with its apparent right ascension for the date 
and assume that the corresponding change for the star in hand 
is the same. 

The declinations given in column ten are those resulting 
from the apparent place computation made as indicated in 
$§ 46-49, or from the Ephemeris by interpolation in case the 
star is one of which the apparent place is there given. 

The computation of the values in the second column of 
the right-hand page of the computation is facilitated, if there 
are many observations, by first constructing a table giving 10, 
20, 30, etc., turns of the micrometer reduced to arc by multi- 


plying by < then of I, 2, 3, 4, 5, 6, 7, 8, 9 turns reduced to 


arc; of I0, 20, 30, 40, 50, 60, 70,/80, 90 divisions- thus 
Feuucedmtor arc. Ola la2.4 33..) s wCEC. and, Of..0,1,°0.2;50.3, 

.. etc. Such a table reduces the multiplication process 
otherwise required to a process of adding five tabular quan- 
tities. 
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The corrections for refraction were obtained by subtract- 
ing 20% from the values of § 304, the barometric pressure ~ 
being only about four-fifths as great at San Bernardino as at 
sea-level. 

The latitude is obtained from each pair by adding the 
various corrections algebraically to the mean declination, as 
indicated in formula (57). 

With sufficient accuracy for some purposes the indiscrimi- 
nate mean of all the individual values may be taken as the 
final value of the latitude. If the best, or most probable, 
value is desired the procedure outlined below must be fol- 
lowed. 


Combination of Individual Results by Least Squares. 


154. Let us first deal with the simplest case. Namely, 
let it be supposed that # separate pairs have been observed 
on each of x’ nights at a station, each pair being observed on 
every night. For this case it will be found that the indis- 
criminate mean is, after all, the most probable value of the 
latitude, but the principles developed will be found useful in 
dealing with other more difficult cases in which this is not true. 

The differences 4 obtained by subtracting the mean result 
for any one pair from the result on each separate night for 
that pair are evidently independent of errors of declination. 
We may compute from these differences, or residuals, the 
probable error of a single observation e. This error of 
observation includes the observer's errors, instrumental errors, 
and all external errors except the errors of the assumed 
declinations. Then by least squares 


«  /(0.455)[44] 
a / wp = sie call) Se red one (59) 


* This square bracket [ } is here used io indicate summation, as it fre- 
quently is in text-books on least squares. 
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in which [44] stands for the sum of the squares of all the 
residuals 4 obtained from all the pairs. 

The probable error e, of the mean result from any one 
pair may also be computed from the observations by the 
formula 


O. 
(OS ease) AY cule Gee emer Cee 
in which v is the residual obtained by subtracting the mean 
result for the station from the mean result for each pair. 
There are pf such residuals. [vv] stands for the sum of -the 
squares of these residuals. 

Let ¢; be the probable error of the mean of the two 
declinations. e¢, evidently includes the declination errors of 
the two stars of a pair. From the ordinary law of transmis- 
sion of accidental errors 


2 é 
2. e3 a ae a Er ap ee ae A CON 


Whence oe a Soe ge OD) 


es may thus be obtained, from the observations for lati- 
tude, by substituting the values e and ¢, computed by (59) 
and (60) in (62). 

n’ being the same for all pairs, it is evident from (61) that 
the means from the various pairs have equal weight. The 
most probable value for the latitude is then the indiscriminate 
mean of the results from the separate pairs, or, what is 
numerically the same in this case, the indiscriminate mean of 
all the individual results for latitude. 
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The probable error of the final result for latitude is 


&s 
Gp <y Seal nee, SleelOst 

155. The simple case just treated seldom occurs in prac- 
tice. Observations upon certain pairs are missed on some of 
the nights by accident or by cloud interference; work may 
be entirely stopped by clouds after half the observations of an 
evening have been made; or on the later evenings of a series 
the observer may purposely, with a view to more effectual 
elimination of declination errors, include in his observing list 
certain pairs which have not before been observed at that 
station, in the place of pairs which have already been observed 
once or more. 

In the usual case, then, a total of » pairs are observed, 
pair No. 1 being observed x, times (i.e., on #, nights), pair 
No. 2 2, times, ..., and the total number of observations 
ism=n,+u,+n,.. 

By the same reasoning as before we have, by the ordinary 
least square formula, the probable error of a single observa- 


tion 
vay CEES Date yen, 


To obtain the probable error e, of the mean result from 
any one pair with rigid exactness it is necessary to take into 
account the fact that different pairs must now be given 
different weights, since some are observed more times than 
others. To do this would make the computation consider- 
ably longer than is otherwise necessary. Fortunately, inves- 
tigation of the numerical values concerned shows that the 
results are abundantly accurate if formula (60) is here used 
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and the fact that the pairs are of unequal weight neglected in 
deriving ¢,. With sufficient accuracy, then, 


ns (0.455)L27]_ 


pay oe ies) 


According to the laws of accidental errors the probable 
errors of the mean results from the separate pairs are 


2 e 2 é 
lp = Vie + ie Cp-g = Vie Rey etc. 4 (66) 


The values ¢,.,,'¢,.,,... differ from each other because of 
the various values of ,, ”,, ”,,... 

For use in deriving ¢; an average value of the second term 
under the radical must be obtained. Again neglecting the 
unequal weights of the pairs, this average value, which will be 
called e’, is 


Greene 


— 


ys _, 


Corresponding to (62), there is now obtained 


Cpt Rie Nes ay wha tasl ord (OS) 


from which es may be computed from the latitude observa- 
tions. 

156. The proper weights for the mean results from the 
separate pairs are inversely proportional to the squares of 
their probable errors. Hence these weights w,, w,, w,,..., 
are proportional to 


I ut 
’ Th eee ae? etc., ° : (69) 


e° e 
Le Cs Aes Csr 
i 
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and may now be computed from the known values of e¢; 
and e. 

The most probable value ¢, for the latitude of the station 
is the weighted mean of the mean results from the various 
pairs, or 


PO ee ee 
= w,tw,+tw,... Sl wie oe (70) 


in which @¢, is the mean result from the first pair, ¢, from the 
second pair, and so on. 
Also, the probable error of this result is 


-, (Ce 
i Sia © 


(71) 


in which [wv’*] stands for the sum of the products of the 
weight for each pair into the square of the residual obtained 
by subtracting ¢, from the mean result for that pair, and [w] 
is the sum of the weights. 

In case two north stars are observed in connection with 
the same south star, or vice versa, and the computation is 
made as if two independent pairs had been observed, the 
weight of each of these pairs as given by (69) should be mul- 
tiplied by $ to take account of the fact that they are but 
partially independent. Similarly if three north stars have 
been observed in connection with the same south star the 
weights from (69) for each of the three resulting pairs should 
be multiplied by 4.* 

If, however, a given north star is observed in connection 
with a certain south star on a certain night or nights, and 


* Coast and Geodetic Survey Report, 1880, p. 255; or Professional 
Papers of the Corps of Engineers, No. 24 (Lake Survey Triangulation), p. 
625. 
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on a certain other night or nights is observed in connection 
with some other south star, the case is different, and the com- 
putation is sufficiently accurate, though not exact, if each of 
such pairs is given the full weight resulting from (69). 

If very few pairs are observed more than once at a sta- 
tion the determination of e; from the latitude observations 
obviously fails, and it must be estimated in some other way— 
from the star catalogues, for example. 

157. As an example of the application of formule (64) to 
(71), the process of combining the various values for the lati- 
tude of station No. 8 on the Mexican Boundary Survey may 
be given. At this station 100 observations were made on 75 
pairs, 25 of the pairs being observed twice each, and the 
other 50 once each. The observations extended over four 
nights. 

The sum of the squares of the fifty residuals, 4, obtained 
by subtracting the mean for each pair which was observed 
twice, from each of the two values from that pair, was 2.50 
square seconds. The probable error of a single observation 
was then, from (64), 


e= C58) AO rOA Ne ——— tO  2i3e 

The indiscriminate mean of the 75 results, one from each 
pair, was found to be 31° 19’ 59’’.02. By subtracting this 
value from each of the 75 separate values, squaring, and 
adding, it was found that [vv] = 11.62 square seconds. 
From (65) it followed that 


» _ , (O-ASSAT-62) 


— = 70.0714 = £ 07.267. 
. 7 4 


174 GEODETIC ASTRONOMY. § 158. 


The term (= + - + is ) of formula (67) is here 
(25)(0.5) + 50 = 62.5, and 


0.0 
= 10-0455) 62.5) ==10-0370- 


Whence from (68) 
Gt O10 14 —0:08, 70 ="0103 35 OL ae, =O 1 


Substituting the values of ¢;' and é’ in (69), the weights 
for the pairs observed twice was found to be 17.8, and for 
those upon which one observation only was made, 12.7. 
Since it is the velatzve weights only which affect the final 
result these weights were for convenience written I.0 and 0.7, 
respectively. 

The resulting weighted mean as indicated in (70) was 
found to ber31° 19° 59° .Ol. 

From the residuals corresponding to this value it was 
found that [wv’?] = 9.26 square seconds. Hence 


(0.455 )(9.26) V vy 
= So ES 0.000 — On-.Os Ie 
: (74)(60.0) ieee ees 


Determination of Micrometer and Level Values. 


158. The most advantageous method of determining the 
screw value is to observe the time required for a close circum- 
polar star near elongation to pass over the angular interval 
measured by the screw. Near elongation the apparent motion 
of the star is very nearly vertical and uniform. 

That one of the four close circumpolars given in the 
Ephemeris, namely, a, 6, and A Urse Minoris, and 51 Cephei, 
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may be selected which reaches an elongation at the most con- 
venient hour. In selecting the star it may be assumed that 
the elongations for such stars occur when the hour-angle is six 
hours, on either side of the meridian. Having selected the 
star, it is necessary both for planning the observations and for 
the computation to compute the time of elongation more 
accurately. The spherical triangle defined'by the pole, the 
star, and the zenith is necessarily, for a star at elongation, 
right-angled at the star. Hence it may be shown that 


Cos == tan @ Coto, « Bhat Pt oars) 


in which ¢; is the hour-angle of the star at elongation (always 
less than 6"). This hour-angle added to or subtracted from 
the right ascension of the star, for a western or eastern elon- 
gation respectively, gives the sidereal time of elongation, 
whence the chronometer time of elongation becomes known 
by applying the chronometer error. It is advisable to have 
the middle of the observations about at elongation. The 
observer should obtain an approximate estimate of the rate at 
which the star moves along his micrometer by a rough obser- 
vation or from previous record, and time the beginning of his 
observations accordingly. 

Everything being ready for the observations, the star is 
brought into the field of the telescope, the telescope clamped, 
the star image so placed as to be approaching the micrometer 
line with the micrometer reading some exact integral number 
of turns, and the level bubble brought near to the middle of 
the tube. The chronometer time of transit of the star across 
the line is observed, and the level read. Then the micrometer 
line is moved one whole turn in the direction of the motion 
of the star, the time of transit is again observed and the level 
read, and the process repeated until as much of the middle 
portion of the screw has been covered by the observations as 
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is considered desirable. If desired, an observation may be 
made at every half-turn, or even every quarter-turn by allow- 
ing an assistant to read the level. 

159. In Fig. 22, let P be the pole, S the position of the 
star when observed transiting across the micrometer line, and 
S, its position at elongation. The small circle SS, is a por- 
tion of the apparent path of the star. Let SK bea portion 
of the vertical circle through S limited by the great arc PSz. 
Let the length (in seconds of arc) of SK, measuring the 
change in zenith distance of the star in passing from the posi- 
tion S to elongation, be called z. Let the sidereal interval 
of time, in seconds, from position S to elongation be called r. 
In the spherical triangle SAP the angle at K is 90°, and that 
at 1s. inoseconds Of arc, 157.05 Lneretore 


Sifts2i—=+COS 6 Sits( hh rj) faa aS) 


The various values of z corresponding to observed values 
of t might be directly computed from (73). But the compu- 
tation becomes much easier and shorter, though based upon 
a more difficult conception, if one proceeds as follows: 

(73) may be written 


ink (Eee 
Sua ey es, 
sin 


Sire eNO REN n74) 


From the known expansion of the sine in terms of the arc 
there is obtained 


sin (157) = (157) sin 1” —4(157 sin 1”) }5(157 sin 1”). (75) 
By substitution from (75) in (74) 


z= 15 cos dfx — 4(15 sin 1”)*z* + qho(15 sin 1’’)'z°t. (76) 
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By inspection of (76) it is evident that 15 cos 6 is the rate 
of change of z (in seconds of arc per second of time) at elonga- 
tion. If the rate of change of z were always constant at this 
value, z for any position of the star would be (15 cos 6)r. 
Compare this with (76), and it becomes evident that if the 
observed value of 7 is corrected by applying to it the small 
correction — ¢(15 sin 1”)’t* + 7$5(15 sin 1”)'7°, the resulting 
value is that at which the value of z would be the same as the 
actual value if instead of the actual star there were substituted 
one whose motion is vertical at the constant rate 15 cos 6. 
These corrections — 4(15 sin 1”)’r° + 745(15 sin 1”)*z° are 
tabulated in § 306 for the argument 7. By using the signs 
there indicated they may be applied directly to the observed 
chronometer times.. The corrected times correspond to uni- 
form motion in a vertical great circle, in the place of the 
actual motion in a small circle. 

160. Suppose the reading of the level has not remained 
constant during the observations. The change of reading 
indicates that the inclination of the telescope as a whole has 
changed. Let x,, s, be the readings of the north and south 
ends of the bubble, respectively, at some selected time during 
the observations. Let it be proposed to reduce the observed 
times to what they would have been if the level readings had 
been z,, s, throughout the observations. If x and s are the 
north and south readings, respectively, at a given observation, 
the correction to the inclination of the telescope to reduce it 
to the state z,, s, of the level is evidently, in seconds of arc, 
for a graduation numbered both ways from the middle, 


4i(z — s)—(n, — 5,)}a, 


in which d is the value of one division in seconds of arc. 
From (76), noting the smallness of the tabular values of § 306, 
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it is evident that with sufficient accuracy for the present pur- 
pose the rate of change of z is 15 cos 6 (in seconds of arc 
per second of time) at any instant during the observations. 
Hence the correction, in seconds, to the observed chronometer 
time is 


a ad 
a=) 2.) rico d + Om) a) agcoe oe ee 


The upper sign is to be used for western elongation and the 
lower for eastern. The corresponding formula fora level with 
a graduation numbered continuously from one end to the 
other, with the zero nearest the eyepiece, is 


Het) — M+ - rte me (78) 


161. Having applied the corrections of § 306, and of 
formula (77) or (78), to the observed chronometer times, the 
results are the times which would have been obtained if the 
star had moved uniformly in a vertical circle and the telescope 
had remained fixed in position. We may now subtract the 
first corrected time from the middle one of the series, the 
second from the next following the middle, and so on, thus 
obtaining a series of values of the time interval corresponding 
to a known number of turns of the micrometer. The mean 
of these values may be taken, and from it the time interval Z, 
in seconds, corresponding to one turn may be derived. The 
value of one turn, expressed in seconds of arc, is (15 cos d)f. 

To this must still be applied corrections for differential 
refraction and rate of chronometer. The refraction correction 
to the derived value of one turn is the change of refraction, 
or differential refraction, corresponding to one turn at the 
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star’s altitude. This is most conveniently derived by multi- 
plying the value of one turn in seconds of arc by one-sixtieth 
of the change of refraction for one minute at the star’s altitude 
as given in § 294. The refraction correction may be derived 
more exactly from formula (58), § 150. The correction is 
always negative, as the effect of refraction is always to make 
a heavenly body appear to move slower than it actually does. 

The correction for rate of chronometer may be computed 
from the proportion: 


rate of chronometer in __ required correction to value 
seconds per day of one turn 


86 400 oh value of one turn 3 (79) 


(86 400 seconds = 1 day.) The correction is negative if the 
chronometer runs too fast, otherwise positive. If the value of 
one turn is approximately one minute, this correction is less 
than o’’.oo1 if the rate of the chronometer is less than 1°.4 
per day. 

162. At Astronomical Station No. 10, on the Mexican 
Boundary Survey, the value of the micrometer of the zenith 
telescope was determined by observations upon Polaris near 
eastern elongation on October 4, 1892.. The computed 
chronometer time of elongation was 21" 34™ 30°.0. The rate 
of the chronometer on sidereal time was 0°.7 per day, gaining. 
The declination of Polaris was 88° 44’ 06’’.9. The latitude 
of the station was 31° 20’. The star was observed at every 
half-turn from the reading 30 turns to the reading 10.5 turns. 
The level numbering was continuous from one end to the 


other with the zero nearest the eyepiece. Bono se ==" LOA: 


Below is a portion of the record and computation. 
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Level Il ‘ Bo «| Ss fas 
fo, Readings. 5 so 3 S 3 ‘ 
2 | Chronometer gs gs Sees Corrected ee 
ace Time. Seid BE jOs gl O Times. ag 
£35 v9 25 |o% o| o ES 
4a) We | S Ea 59 |B of & 2c 
=) & ) A =) 4 
d 
22.5 | 218 20 51%.0| 50.4 | 17.2 | 13™ 398.0 | + 08.5 | + 0.20 |+ 08.4] 215 20™ 518.9 
22 22 23.0] 50.5 | 17.2 | 12 07.0] +0.3]-+ 0.10 |+0 .2 @2.23°.5 
21.5 23 57-5| 50.4 | 17-1 | 10 32-5] +0.2] + 0.30 |+0 .6 22 Boas 
21 25 32.5| 50.6 | 17.1 | 8 57.5| + 0-1] -+4-0.10 |-+0 .2 25 32.8 
20.5 27 05 .0| 50.6] 17.1 | 7 25.0] +o.1]-+0.10 |+o0 .2 27 05 33 
12.5 tes BB ae ere 951 17 38 5} —1.0] — 0.40 |—o .8 2 (001.7 | 31 449.8 
12 B3a 44 Ol Stee) | i7.e |) 09 14.01] — F3)|— O.50j—-1 0 5a 40 oF 18 .2 
11.5 55 16.0) 55.3 | 17.% | 20 46.0] — §.7 | — 0.60 —7 .2 Ee eeR ae 14 .8 
Ir 56 50.0| 51.2 | 17.1 | 22 20.0] — 2.1|.— 0.50|—1 .o 56 46.9 T4 eI 
10.5 58 25.0] 51.2] 17.1 | 23 55 .0| — 2.6] —0.50/—T .0 58 21 .4 169.1 


Mean for ro turns (from al! the observations) = 31™ 14.65 + 0°.33. 
Mean time for 1 turn = 187°. 465. 


Log 187.465 = 2.2729202 
Log cosé = 8.3438467 
Log 15 = 1.1760913 


Log 62”.067 = 1.7928582 


One turn O21 O07, 
Correction for refraction * = — 0 .051 

ss Suerate = O .000 
Final value = 62), ObOn-FaOL OLE 


163. If the values of both the level and the micrometer 
are unknown, one may observe for micrometer value as out- 
lined above, and also derive the value of the level in terms of 
the micrometer as indicated in § 118. We may first compute 
the micrometer value, omitting the level corrections; then 
derive the value of the level division from this approximate 
value of micrometer. The level corrections being now intro- 
duced into the micrometer computation will be found to 
modify it so slightly that a second approximation for the level 
value will not ordinarily be required. 


* Refraction at this station was only # of that at sea-level. 
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164. If no special observations for micrometer value have 
been made, or if such observations have proved defective, the 
micrometer value may be derived directly from the latitude 
observations. Let #, be the mean latitude, as deduced with 
an approximate micrometer value, from all pairs for which the 
micrometer difference (taken S — JV) was positive, , the mean 
latitude from pairs with minus micrometer differences, D, the 
mean of the positive micrometer differences, and D, the mean 
of the negative differences. Then the correction to the 
approximate value of one turn is * 


(80) 


For methods of determining the level value alone, see 8§ 
116-121. 


Discussion of Errors. 


165. The external errors affecting a zenith telescope 
observation are those due to defective declinations and those 
due to abnormal refraction. 

The declinations used in the computation have probable 
errors which are sufficiently large to furnish much, often more 
than one-half, of the error in the final computed result. This 
arises from the fact that a good zenith telescope gives results 
but little inferior in accuracy to those obtained with the large 
instruments of the fixed observatories which are used in 
determining the declinations. 

The following three examples will serve to indicate the 


* This formula is not exact, from the least square point of view, that is, 
it does not give the most probable value of the required correction. Fora 
complete statement of the least square method of computation, see page 
370 of Appendix 7 of the Coast and Geodetic Survey Report for 1898, The 
Determination of Time, Longitude, Latitude, and Azimuth. 
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improvement in the available declinations during the last few 
years, and the magnitude of the declination errors to be 
expected. The probable error of the mean of two declina- 
tions, ¢, was found* to be + 07.55 for the list of stars 
furnished to the U.S: Lake Survey by Prof: IT. H. Safford 
in 1872. Similarly, for the list of stars furnished from the 
Coast and Geodetic Survey Office for use in determining the 
variation of latitude at the Hawaiian Islands in 1891-92,t+ 
és = +0”.18; for the list furnished to the Mexican Boun- 
dary Survey by Prof. Safford in 1892-93, es = +0”.18. 
Such a high degree of precision as that of the last two exam- 
ples is only attainable by an up-to-date computation from 
many catalogues of many observatories. By the time such 
lists are available in print their accuracy has ordinarily 
diminished considerably with the lapse of time. 

The errors in the computed differential refractions are 
probably very small, and it is not likely that they increase 
much with an increase of the mean zenith distance of a pair, 
up to the limit, 45°. If there were a sensible tendency, as 
has been claimed, for a// stars to be seen too far north, or 
south, on some nights,—because of the existence of a 
barometric gradient for example,—it should be detected by a 
comparison of the mean results for different nights at the same 
station. Many such comparisons made by the writer indicate 
that in zenith telescope latitudes there is no error peculiar to 
the night. The variation in the mean results from night to 
night was found in all the cases examined to be about what 
should be expected from the known probable errors of obser- 
vation and declination. 

166. The observer's errors are those made in bisecting the 
star, and in reading the level and micrometer. Here also may 


* Professional Papers of the Corps of Engineers, No. 24, pp. 622-638. 
+ Coast and Geodetic Survey Report, 1892, Part 2, p. 158. 
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perhaps be classed the errors due to unnecessary longitudinal 
pressure on the head of the micrometer. 

Indirect evidence indicates that the error of bisection of 
the stars is one of the largest errors concerned in the measure- 
ment. It probably constitutes the major part of the computed 
error of observation, and the bisection should be made with 
corresponding care. 

With care in estimating tenths of divisions on the micro- 
meter head and on the level tube, each of these readings may 
be made with a probable error of + 0.1 division. For the 
ordinary case of a micrometer screw of which one turn repre- 
sents about 60”, and of a level of which the value is about 1” 
per division, such reading would produce probable errors of 
+ 0.04 and + 07.05, respectively, in the latitude from a 
single observation. These errors are small, but by no means 
insignificant when it is considered that for first-class observing 
the whole probable error of a single observation, arising from 
all sources except declination, is less than + 0”.30, and 
sometimes even less than + 0.20. 

While reading the level the observer should keep in mind 
that a very slight unequal or unnecessary heating of the level 
tube may cause errors several times as large as the mere read- 
ing error indicated above; and that if the level bubble is found 
to be moving, a reading taken after allowing it to come to rest 
deliberately may not be pertinent to the purpose for which it 
was taken. The level readings are intended to fix the posi- 
tion of the telescope at the instant when the star was bisected. 

It requires great care in turning the micrometer head to 
insure that so little longitudinal force is applied to the screw 
that the bisection of the star is not affected by it. A dis- 
placement of goy5 part of an inch in the position of the 
micrometer line relative to the object-glass produces in the 
telescope of Fig. 20 a change of more than 1” in the apparent 
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position of the star. The whole instrument being elastic, the 
force required for even such a displacement is small. An 
experienced observer has found that in a series of his latitude 
observations, during which the level was read both before and 
after the star bisections, the former readings continually 
differed from the latter, from 0.1 to 0”’.9, always in one 
direction.* 

167. Among the zustrumental errors may be mentioned 
those due: Ist, to an inclination of the micrometer line to the 
horizontal; 2d, to an erroneous level value; 3d, to inclina- 
tion of the horizontal axis; 4th, to erroneous placing of the 
azimuth stops; 5th, to error of collimation; 6th, to irregu- 
larity of micrometer screw; 7th, to an erroneous mean value 
of the micrometer screw; 8th, to the instability of the relative 
positions of different parts of the instrument. 

The first-mentioned source of error must be carefully 
guarded against, as indicated in § 139, as it tends to introduce 
a constant error. The observer, even if he attempts to make 
the bisection in the middle of the field (horizontally), is apt to 
make it on one side or the other according to a fixed habit. 
If the line is inclined his micrometer readings are too great on 
all north stars and too small on all south stars, or vice versa. 

The error from using an erroneous level value is smaller 
the smaller are the level corrections and the more nearly the 
plus and minus corrections in a series balance each other. To 
insure that it shall be negligible it is necessary to relevel every 
time the correction becomes more than two seconds, at most. 

The errors from the third, fourth, and fifth sources may 
easily be kept negligible. An inclination of one minute of arc 
in the horizontal axis, or an error of that amount in either 
collimation or azimuth, produces only about 0”’.01 error in the 


* Coast and Geodetic Survey Report, 1892, Part 2, p. 58. 
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latitudes. All three of these adjustments may easily be kept 
far within this limit. 

Most micrometer screws are so regular that the unelimi- 
nated error in the mean result for a station from the sixth 
cause is usually very small. But it should not be taken for 
granted that a given screw is regular. Large irregularities 
may be detected by inspection of the computation of the 
micrometer value. Errors with a period of one turn may be 
detected by making the observations for micrometer value at 
every quarter-turn, and then deriving the value of each 
quarter, O to 25 divisions, 25 to 50 divisions, etc., of the head 
separately. The four mean values thus derived should agree 
within the limits indicated by their probable errors. 

168. To guard against error from the seventh source the 
pairs must be so selected as to make the plus and minus. 
micrometer differences at a station balance as nearly as possi- 
ble.* For example, at the fifteen astronomical stations 
occupied on the Mexican Boundary Survey of 1892-93 the 
mean micrometer difference, taken with regard to sign, never 
exceeded 0.36 turn at any station, and was less than 0.10 turn 
at nine of the stations. Ifthe plus and minus micrometer 
differences balance exactly at a station, an erroneous microm- 
eter value does not affect the computed latitude, but merely 
increases the computed probable errors. 


* Tt seems an easy matter to make an accurate determination of mi- 
crometer value. But experience shows that such determinations are 
subject to unexpectedly large and unexplained errors. For example, in 
the Hawaiian Island seriesof observations, mentioned above, the microm- 
eter value was carefully determined twelve times. The resuits show a 
range of nearly 34, of the total value. This corresponds to a range of 
about one-sixth of an inch in the focus of the object-glass. In the San 
Francisco series, and in general wherever the micrometer value has been 
repeatedly measured, the same large discrepancies have been, encoun- 
tered. Hence the need of carrying out the suggestions of the above para- 
graph. 
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The errors from the eighth source may be small on an 
average, but they undoubtedly produce at times some of the 
largest residuals. They may be guarded against by protect- 
ing the instrument from sudden temperature changes, and 
from shocks and careless handling, and by avoiding long waits 
between the two stars of a pair. The closer the agreement 
in temperature between the instrument room and the outer 
air the more secure is the instrument against sudden and 
unequal changes of temperature. 

The computed probable error of a single observation, e, 
including all errors except those of declination, was found to 
be as follows in three recent first-class latitude series: In the 
observations for variation of latitude at San Francisco * in 
189I-92, 1277 observations (in two series) gave e = + 0.19 
and e = + 0”.28; in asimilar series at the Hawaiian Islands t 
for the same purpose in 189I-92, 2434 observations gave 
eé= +0”.16; from 1362 observations at fifteen stations on 
the Mexican Boundary in 1892-93, e = + 0”.19 to + 0”.38.t 

169. When an observer begins planning a series of obser- 
vations to determine the latitude of a given point two ques- 
tions at once arise. How many observations shall be made ? 
How many separate pairs shall be observed ? Increasing the 
number of observations increases the cost of both field work 
and computation. An increase in the total number of 
separate pairs adds proportionally to the work of computing 
the mean places, but otherwise has little effect on the 
total cost. The economics of the problem demand that the 
ratio of observations to pairs shall be such as to give the 
maximum accuracy for a given expenditure. Two extremes 


* Coast and Geodetic Survey Report, 1893, Part 2, p. 494. 

+ Coast and Geodetic Survey Report, 1892, Part 2, pp. 54, 158. 

t+ Transactions of the Association of Civil Engineers of. Cornell Uni- 
versity, 1894, p. 58. 
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of practice are to take 210 observations on 30 pairs, each pair 
being observed on 7 nights; and to take 100 observations on 
100 pairs, each pair being observed but once. The first is 
the old practice of the Coast Survey.* The recent practice 
of that Survey is intermediate between these extremes. The 
latter extreme was approached, but not quite reached, on the 
Mexican Boundary Survey of 1892-93. 
wiveteitebesupposed that es 0.21) and cp 213s 
as in the example given in § 157. Then for the former 
extreme method the effect of the errors of observation on the 
result would be reduced to + 07.21 + V¥210 = +0”.014, 
and the effect of the declination errors to + 0.18 + 30 
= +0 .033, giving for/e,, the probable error of the result, 


V7(0.014)? + (0.033) = + 07.036. In the latter extreme 
case the error of observation would be reduced to + 0.21 
+ V100 = + 0”.021, the declination error to + 07.18 
+ W100 = + 0”.018, and the probable error of the result to 


V(0.021)* + (0.018)? = + 0”.028. To look at the matter in 
another light: if with the above data as to e and e; the weight 
for a pair observed once is called unity, that for a pair 
observed twice is 1.40, by formula (69), § 156; observed 
seven times is 1.98; and for a pair observed an infinite 
number of times 2.36. Little is gained in accuracy from the 
second observation ona pair, and less from each succeeding 


observation. 

170. The zenith telescope furnishes a latitude determina- 
tion which is so far superior to that given by any other portable 
instrument that it should always be used where great accuracy 
is desired. A theodolite, or an astronomical transit, may be 
used as a zenith telescope if furnished with a suitable eyepiece 
micrometer, and with a sufficiently sensitive level parallel 


*C. & G. S. Report, 1893, Part 2, p. 301. 
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to the plane in which the telescope rotates upon its horizontal 
axis. For the convenience, however, of those who may 
desire to determine the latitude with a sextant on explora- 
tions or at sea, and of those who may be forced by circum- 
stances to determine the latitude by a measurement of the 
altitude of the Sun, or a star, with a theodolite or an alt- 
azimuth, the following formule are here collected: 

To compute the latitude from an observed altitude of a star, 
or the Sun, in any postition, the time being known. 

171. The requisite formule are 


tan), =="tan iO 1SCCep een Aa ee ne Ie 
cos (Gp — D) — sin Aisin DY cosee d; =) 2 ane2) 


in which 6 is the declination and ¢ the hour-angle of the star 
(or Sun) at the instant of observation; D is an auxiliary 
angle introduced merely to simplify the computation; A is 
the altitude resulting from the measurement after applying all 
instrumental corrections, the correction for refraction, and, 
if the Sun is observed, the corrections for parallax and semi- 
diameter (see §§ 65, 66). D is to be taken less than go°, and 
+ or — according to the algebraic sign of the tangent. 
Formula (82) is ambiguous in that @¢ — D, determined from 
the cosine, may be either positive or negative. But the 
latitude of the station is always known beforehand with suffi- 
cient accuracy to decide between these two values. These 
formule are exact, no approximations having been made in 
deriving them.* 


* For this derivation see Doolittle’s Practical Astronomy, pp. 236, 237; 
or Chauvenet’s Astronomy, vol. I. pp. 229, 230. 
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To compute the latitude from zenith distances of a star, or 
the Sun, observed near the meridian, the time being known. 

172. The rate of change of zenith distance (or of altitude) 
of a given star is smaller the nearer the star is to the meridian. 
Hence the effect of a small error in the time, which is 
assumed to be known, is less the nearer the observation is 
made to the meridian, and is zero for an observation made 
precisely on the meridian. Only a single pointing can be 
made when the star is on the meridian, whereas it is desirable 
to take several pointings so as to decrease the effect of errors 
of observation. Hence the desirability of a rapid method for 
computing the latitude from circummeridian observations. 

Let @ be the required latitude of the station; 6 the 


declination of the star at observation; €,, €,, €,, . . . succes- 
sive observed values of the zenith distance of the star corre- 
Sponuines tos themnour-angles 47/0" 2.872, .0. 3) sand. ¢. the 


meridional zenith distance of the star. Then 


cos gece Gs B= A'cotl,, C= A*#1 + 3 cot’S,); (83) 


sin G, 


As 


Psine ae 2 sin’ $¢ 2 sin® 42 


(84) 


eesiiele Sine Si 


A, B, and C are evidently constant fora series of obser- 
vations made near a given meridional passage of the star. 


WSU MEL PIE ea ard gh ite Navislt nies, a POLO  Og te ony, DS 
values of m, m, and o corresponding, respectively, to 7, ¢,, 
i; Lhen for a star upon which # observations are 


made near upper culmination 


» (85) 


ape eee ES SP od aE Suih tg) ia a Ts ond Bae omnes nthe Oyy 


u u u u 


in which the upper signs are to be used if the star crosses the 
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meridian south of the zenith, and the lower signs if it crosses 
north of the zenith. 

Similarly, for a star upon which w observations are made 
near lower culmination 
a a le 


u u u“ 


p= 180°—8 , (86y 


¢ being now reckoned from lower culmination. 

These formule * are not exact. They are derived by an 
expansion into a converging series, of which only the first 
three terms are retained. The errors of the formule are 
greater the greater the hour-angle, and the smaller the zenith 
distance of the star. Their accuracy is sufficient for the 
reduction of sextant observations if the hour-angle is limited 
to 30", and is also not allowed to exceed (in minutes of time) 
the zenith distance of the star (in degrees). To be certain of 
sufficient accuracy for the reduction of observations made 
with a theodolite or altazimuth the hour-angle must be limited 
to 30", and to one-half (in minutes of time) the zenith dis- 
tance of the star (in degrees). 

It will be noted that @ and ¢, are required at the start for 
the reduction since they occur in the second member of (85) 
and (86). Only approximate values are required, however, 
as the terms involving A, 4, and C are always small. Such 
approximate values may be derived from previous computa- 
tions; from a preliminary approximate reduction of a single 
observation; or, if the observations extend on both sides of 
the meridian, the smallest observed zenith distance may be 
assumed for this purpose to have been made upon the 
meridian. 

The values of #, x, and o will be found tabulated in terms 
of ¢ in § 307, for values of ¢ up to 30”. 


* For their derivation see Doolittle’s Practical Astronomy, pp. 238-244; 
or Chauvenet’s Astronomy, vol. I. pp. 238-240. 
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If the Sun is observed, 6 is not a constant during the 
period of observation. But formula (85) may still be used for 
the reduction of sextant observations if for 6 is substituted 
the mean of the declinations corresponding to each instant of 
observation. 

To compute the latitude from observations of the altitude 
of Polaris at any hour-angle, the time being known. 

173. The apparent motion of Polaris is so slow that it 
may be observed at any hour-angle with the assurance that 
the effect of an error in the assumed chronometer correction 
upon the computed latitude will be small. It is so bright as 
to be quickly found and brought into the field of a telescope. 
For stations in the United States it is always in a convenient 
position for observation. These considerations often lead to 
the adoption of Polaris as the object when the latitude is to 
be determined by direct observations of altitude with a 
theodolite or smaller instrument. ~ 

If A is the altitude of Polaris at the hour-angle ¢, and P 
is its polar distance (= 90° — 6) expressed in seconds of arc, 
then * 


@=A—Pcost+ FP sin 1” sin? ¢ tan A 
— ¢P* sin’? 1” cos Z sin’ ¢-+- 4/* sin’. 1” sin* ¢ tan’ A 
epieen sl ol (die Orsin?-2).sinartan 4,0). Je 13 *(87) 


in which all terms in the second member except the first are 
in seconds of arc. 

The last term will never exceed 0.01 at any station of 
which the latitude is not greater than 82°. The fifth term 
will never exceed 0”’.o1 for any station below latitude 48°, 
nor O”’.10 at any station below 67°. The maximum value of 


* For the derivation of this formula see Doolittle’s Practical Astronomy, 
pp. 256-259; or Chauvenet’s Astronomy, vol. I. pp. 253-255. 
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the fourth term is about 0’’.33. The preceding statements 
are based upon 1° 20’ as the value of P, and the terms are 
correspondingly reduced when P is below that limit. 

174. Formule (81), (82), and (87) furnish the means of 
computing the latitude from a szzgle observation of altitude. 
How must one proceed if a series of observations of the alti- 
tude have been made? If the chosen formula is applied to 
each observation separately, each computation will be exact; 
the computations will be so nearly alike as to furnish con- 
venient rough checks by differences; but if there are many 
observations the computation of the series becomes tediously 
long. If one takes the mean of all the measured altitudes, 
assumes that it corresponds to the mean of the hour-angles, 
and applies either formula to this mean altitude and mean 
hour-angle, the result is approximate. For, the mean of the 
altitudes does not correspond to the mean of the hour-angles, 
in general, because of the curvature of the apparent path of 
the star and the corresponding variation in the rate of change 
of the altitude. The error involved in the assumption that 
the two means correspond, evidently decreases as the interval 
covered by the series of observations decreases. If, then, 
one breaks up the series into sufficiently short groups, the 
means for each group may be treated by a single application 
of the formula without sensible error. For sextant observa- 
tions it suffices when observing upon Polaris to break up the 
series into groups not more than fifteen minutes long. For 
more accurate observations, made upon Polaris with a theodo- 
lite or altazimuth, one cannot be certain of sufficient accuracy 
unless each group is limited to about five minutes. In using 
(81) and (82) with the Sun, or with other stars than circum- 
polars, it will usually be necessary to make the groups very 
much shorter than indicated above. 
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175. The process of making a direct measurement of alti- 
tude with an instrument having a vertical circle (theodolite or 
altazimuth) is so simple that a detailed statement of it is 
hardly necessary here. Suffice it to say that the effect of the 
index error of the vertical circle must be eliminated from 
each observation or group of observations before applying the 
formula for the latitude computation; that the chronometer 
time of each pointing upon the star must be noted with a 
chronometer of which the error is known (to fix the hour- 
angle); and that the inclination of the vertical axis must be 
determined during the observations by readings of a level 
having its tube parallel to the plane of the telescope. The 
effect of index error may be eliminated either by making 
special observations to determine the index error, by making 
half of the observations of each group with the telescope in 
a reversed position, or by a combination of both these pro- 
cesses. The accuracy with which the chronometer error must 
be known may be inferred from the observed rate of change 
of the altitude. The correction to the measured altitude due 
to the inclination of the vertical axis may be computed by 
formula (55) or (56), § 148, using the algebraic signs there 
given if the star is north of the zenith, and reversing them if 
south of the zenith. 

The method of observing the altitude of the Sun, or a 
star, with a sextant, has already been given in Chapter III, 
in connection with the determination of time. 

If for a given purpose it is only required to determine the 
latitude within 30” the table given in § 308 may be utilized 
as there indicated. 
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QUESTIONS AND EXAMPLES. 


176. 1. State in detail how you would make the com- 
puted allowance for parallax upon the horizontal circle if a 
single point at a known distance is used in making the colli- 
mation adjustment of a zenith telescope mounted on one side 
of its vertical axis. <) (See's 137.) 

2. Prove formule (55) and (56), for the level corrections 
to be applied to observations with a zenith telescope. 

3. At the same station and with the same instrument as 
given in § 152, the following latitude observations were also 
made. Compute the results. 


Beals C. Micrometer Level 
Date, 1892. No.of N.orS. Reading. Readings. Declinations. 
Star. t ad N. Ss: 
August 9g 7380 S IO 70.9 18.1 52.8 Aa Ase 124276 
7417 N 28 36.0 50.8 16.0 5 Om LOmmOS ero: 
August 9 7440 S 29 06.4 TOKO) is 7/ —4 OI 03 .43 
7482 N Q 09.0 ES alee Gon GOs 20es TOROS 
August 16 7440 S Eye) Walia ks 12.9 56.5 stk On OA A7/K 
7482 N IO 25.9 Gyiey anehts) 66 20 21 .26 


Diminish the differential refractions of § 304 by 20% (see 
§ 150). ANS = 131) SG 5h a Alo nb O03, sans O02 

4. What is the correction to the computed latitude due 
to observing the star off the meridian, with a zenith telescope, 
in each of the following cases? The declinations of the four 
starsy were, respectively, 23° Oo; — 5 742°.940 1067. ot 27s 
and they were observed too late by the following intervals, 
Tespectively, 12°, 210.) 18%, 1530, 

Ans. + 0”.01, — 0.01, +0”.05, and + 0”.11. 

5. At Astronomical Station No. 5, on the Mexican 
Boundary, 99 observations with a zenith telescope were taken 
on 50 pairs, each pair excepting one being observed twice. 
It was found that [44] = 5.17 square seconds, and [vv] = 
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7.52 square seconds. Compute e and e. For notation and 
formule, see 8§ 154, 155. 

ANSe £i= 420 22 He, Se Os 

6. Prove formula (72), for the computation of the hour- 
angle of a star at elongation. If 6 is less than @¢, this 
formula leads to an absurdity, namely, a cosine greater than 
unity. To what does this absurdity correspond in nature ? 

7. What was the sidereal time of western elongation of 
6 Urse Minoris at Anchorage Point, Chilkat Inlet, Alaska 
(~ = 59° 10’ 19”.4) on October 13, 1892? Its declination 
was then 86° 36’ 54’’.1, and its right ascension 18" 06™ 49°.6. 

ANS (23 An Ofte 

8. State the reason for the double signs in formule (77) 
and (78), for the level corrections in a computation of microm- 
eter value, and prove that the signs as given are correct. 

g. What is the mean value of one turn of the micrometer 
deduced from the following observations, forming a portion 
of the series from which the observations given in § 162 were 
also extracted ? 


Level Readings. 
Micrometer Reading. Chronometer Time. N. 33 
zt 


d d 
27.0 DIET OOBTAR 5, 50.1 17.4 
26.5 o8 18.5 50.3 sya 
26.0 0g 50.5 50.2 Wye) 
25.5 Tk 277-0 50.1 L 70 
17.0 23S O30 50.9 Pen 
16.5 39 35-5 50.9 D7 
16.0 Atel 21.0 51.0 ype 
15.5 42 41.5 51.0 17. 


SOF .057. 
10. The following altitudes, uncorrected for refraction, of 
the star Altair (a = 19° 45™ 32°.5, 6d = 8° 35’ 08.7) were 
observed with a theodolite on October 13, 1892: 51° 53’ 28”, 
51° 35’ 49”, 51° 06’ 40”, and 50° 48’ 09”. The times of the 


196 GEODETIC ASTRONOMY. § 176. 


separate observations as read from the face of a chronometer 
known to be 13°.1 fast of local sidereal time were, respec- 
tively; 219 324162 1120 a oA 1.0.28 aay e4s scenes 
39" 50.1. Compute the latitude of the station. Carry your 
computation to tenths of seconds of arc, and treat each obser- 
vation separately. 
Ans. Mean value of ¢ = 38° 14/ 11”. 

11. The following observations of the altitude of the Sun 
were made with a theodolite on February 15, 1892. The 
times are given as read from the chronometer, which was 
known to be II* fast of local mean solar time, and the alti- 
tudes are given after all corrections have been applied. The 
following data in regard to the Sun were derived from the 
Ephemeris: 


Times, Corrected Altitudes. 
TUES 7 Teoh: WO? Cry agit" 6 = — 12° 40’ 39”. 

420 t2 05 «16 Equation of time = + 14™ 20% 
44 03 05 27 These values correspond to the 
44 50 05 29 mean of the observed times. 
45 41 05 35 What was the latitude of the 
46 32 05 30 station ? 

47 26 05 «36 

Asm 05 «628 

49 08 05 «16 

50 02 04 55 


US aD as ate uAO me 

12. Four observations of the altitude of Polaris with an 
altazimuth gave for its mean altitude, corrected for refraction, 
40° 19/ 48’".9. The sidereal times of the observations were, 
respectively 22" 19” 10°, 22 920% 35622 220 oc 1 cande2on 
DAV aLO.. 
Polaris was 1" 20" 05%.1, and its declination 88° 44’ 05’’.9. 
What was the latitude of the station? 


At the time of observation the right ascension of 


Anse 39426 06..8; 


§ 178. ; THE INSTRUMENT. 197 


CHAPTERS VL 
AZIMUTH. 


177. The instrumental process of determining the azimuth 
of a terrestrial line astronomically consists of a measurement 
of the angle between two vertical planes—one defined by the 
azimuth mark and the vertical line through the instrument, 
and the other by the observed star and the vertical at the 
instrument. Since the angle between these two planes is 
continually changing, the exact time at which each pointing 
is made upon the star must be noted upon a chronometer of 
which the error is known. From this recorded time the 
hour-angle of the star and its azimuth as seen from the station 
may be computed. The computed azimuth of the star com- 
bined by addition or subtraction (as the case may be) with 
the measured horizontal angle at the station between the star 
and the azimuth mark gives the azimuth of the mark from 
the station. 


Description of Instrument. 


178. Any one of the many theodolites used for the 
measurement of the horizontal angles of a triangulation may 
be used for azimuth determinations,—provided the telescope 
can be inclined enough to point to the star, —each instrument 
giving a degree of accuracy dependent upon its size, power, 
and workmanship. The larger instruments often called 
altazimuths, designed primarily for astronomical work, do not 
differ in principle from the smaller theodolites. The instru- 
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ment shown in Fig. 24 is a 20-in.* theodolite which belongs 
to the U. S. Coast and Geodetic Survey. 

The Troughton and Simms altazimuth now in use in the 
College of Civil Engineering of Cornell University may be 
taken as a type of the larger altazimuths. Its horizontal 
circle is 36 cm. (= 14 in.) in diameter, and is graduated to 5/ 
spaces. It may be quickly unclamped from the fixed center 
of the instrument, and its zero shifted to a new position. 
The index microscope carries in its field of view (as the comb 
is carried in the micrometer of the zenith telescope; see § 135) 
a small pointer which is seen projected against a portion of the 
horizontal circle, and gives the degrees and the nearest pre- 
ceding five minutes of the reading. The remaining minutes 
and the seconds of the reading are obtained from three 
reading microscopes. Each of these microscopes is furnished 
with an eyepiece micrometer similar to that of the zenith 
telescope described in § 135. A line of the circle graduation, 
the object-glass, and the micrometer line bear the same 
relation to each other here as the star, the object-glass, and 
the micrometer line bear to each other in the zenith telescope 
(see Fig. 21, and the corresponding text, § 135). Each 
microscope is so adjusted that five turns of the micrometer 
screw correspond as nearly as may be to one space on the 
circle. Each turn represents therefore approximately one 
minute, and each of the sixty equal divisions of the micrometer 
head one second. The reading of the micrometer zucreases 
as the micrometer line apparently moves in the direction of 
decreasing graduations. The reading given directly by the 
comb and head is the distance, measured in the backward 
direction along the circle graduation, from the zero of the 
micrometer (middle of the comb) as seen projected upon the 
circle, to the nearest graduation representing too small a 


* That is, a theodolite with a horizontal circle twenty inches in diame 
eter. 
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reading of the circle. This reading added to that of 
the index microscope gives the complete reading of the 
circle. The three reading microscopes give nominally 
identical readings, and the mean is taken to secure in- 
creased accuracy. The use of two or more microscopes 
or verniers on a circle also serves of course to eliminate, 
wholly or in part, the errors which would otherwise enter 
the measurements from the effect of eccentricity and of 
periodic errors in the graduation of the circle. Instead of a 
single micrometer line with which to bisect the graduations, 
these reading microscopes are usually provided with two 
parallel lines at such a distance apart that when they are 
placed symmetrically on the two sides of a graduation a 
narrow strip of light is seen between each line and the edge 
of the dark graduation. More accurate pointings upon a 
graduation can be made with such a double line than with a 
single line. 

The telescope has a focal length of 24 in., its object-glass 
has a clear diameter of 23 in., and its eyepiece a magnifying 
power of about 45 diameters. The value of one division of 
the striding level is 1.8. The vertical circle is graduated to 
5’ spaces, and is read to seconds by two micrometer micro- 
scopes. The telescope is furnished, in addition to a fixed 
reticle, with an eyepiece micrometer similar to that of the 
zenith telescope, but turned g0° in its position so that it 
measures small angles in the plane defined by the telescope 
and its horizontal axis instead of differences of zenith dis- 
tances. (For the use of this micrometer see $$ 205-214.) 
The other features of the instrument are sufficiently shown by 
the figure. 

179. The three reading microscopes are often, especially 
on smaller instruments, replaced by two microscopes or by 
two verniers. A hanging level may be used instead of a 
striding level. The eyepiece micrometer of the telescope, the 

\ 
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separate index microscope, and the vertical circle are often 
omitted. <A reflecting prism is sometimes placed at the 
intersection of the telescope with the horizontal axis to turn 
the light rays at right angles, and the eyepiece is then placed _ 
at the end of the horizontal axis. The proportions of the 
various parts and their absolute size may be varied greatly. 
The graduated circle may be furnished with a clamp and tan- 
gent screw, similar in principle and purpose to that of the 
lower motion of an engineer’s transit. These various modifi- 
cations produce great changes in the outward appearance of 
the instrument, may introduce certain obvious limitations to 
their use, but the principles involved are changed only in 
minor details. 


Adjustments. 


180. The vertical axis must be made truly vertical by the 
same process that is used in levelling up an engineer’s transit. 
Whatever levels are to be used should for convenience be 
adjusted so that each will reverse with but little change in the 
position of the bubble. 

The adjustments of the focus of the telescope, of the colli- 
mation, and for bringing the middle line of the reticle into a 
vertical plane, should be made precisely as for the astronomi- 
cal transit (see §§ 85, 86). 

The reading microscopes must be kept in adjustment. 
Ordinarily the only adjustment that will be found necessary 
is to fit the microscope to the eye by drawing out or pushing 
in the eyepiece until the most distinct vision of the microm- 
eter lines and of the graduation is obtained. Sometimes it 
may be found that the micrometer lines are apparently not 
parallel to the graduation upon which the pointing is to be 
made. This may be remedied by rotating the micrometer 
box about the axis of figure of the microscope. If to do this 
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it is necessary to loosen the microscope in its supporting 
clamp, great caution is necessary to insure that the distance 
of the objective from the circle graduation is not changed. 

If one turn of the micrometer is found to differ very much 
from its nominal value, in terms of the circle graduation (one 
turn = one minute for the instrument described in § 178), 
it may be restored to its nominal value by changing the dis- 
tance of the objective from the circle graduation. An 
inspection of Fig. 21, and the corresponding text, § 135, will 
show that for a given microscope the nearer the objective is to 
the graduation the smaller is the value of one turn, and vice 
versa. A change in this distance also necessitates a change in 
the distance from the objective to the micrometer lines—these 
lines and the graduation being necessarily at conjugate foci of 
the objective. This adjustment of the micrometer value is a 
difficult one to make, and so should not be attempted unless 
it is certainly necessary. Once well made, it usually re- 
mains sufficiently good for a long period. 


Directions for Observing. 


181. The azimuth mark and the instrument fix the two 
ends of a line of which the azimuth is to be determined. 
The azimuth mark must be placed so far away from the 
instrument that no change from the sidereal focus of the tele- 
scope will be required to give a well-defined image of it. One 
mile will usually be found sufficient. A convenient mark is 
a bull’s-eye lantern shining through a small hole in a box 
which serves to protect it from the wind. An ordinary 
tubular lantern mounted in that way has been found satisfac- 
tory on distances from one to three miles. The size of the 
hole must be suited to the distance and telescope. Too large 
a hole gives a blur of light instead of a well-defined point. 
Too small a hole makes the light appear too faint. A 
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diameter of one inch has been preferred by the writer at dis- 
tances of one to three miles for observations with a telescope 
having an objective 45 mm. in diameter and an eyepiece 
magnifying 30 diameters. Most observers prefer a much 
smaller hole. If the distance to the mark exceeds five miles, 
a stronger light, with a parabolic reflector behind it or a lens 
in front of it, may be required. Black and white stripes on 
the front of the box, or a pole accurately in line, may serve 
as a target for the measurements in daylight of the horizontal 
angles necessary to connect with a triangulation. A ground 
mark (stake, bolt, or stone monument) must always be pro- 
vided to hold the point in case the box and light are acci- 
dentally disturbed. If the line of sight passes near the 
ground, the light usually appears more unsteady than if the 
line is high above the ground. A long cut through woods 
along the line of sight, or the presence of objects very near 
to the line on either side, tends to make the light appear 
unsteady, and introduces a liability to a small constant error 
in the observed azimuth. The direction to the azimuth mark 
is immaterial, except when a micrometer is to be used as 
indicated in § 205. 

182. Occasionally it is difficult to find a satisfactory loca- 
tion for an azimuth mark. For example, the astronomical 
station may be one of the stations of a triangulation located 
on the flat top of a mountain in sucha position that none but 
very near or very distant points are visible from it. In such 
a case one may resort to a collimator for an azimuth mark. 
The collimator is an auxiliary telescope rigidly mounted so 
as to face the instrument, and adjusted to sidereal focus. 
The instrument telescope being also at sidereal focus and 
pointed upon the collimator, the two object-glasses then being 
toward each other, the lines of the reticle of the collimator 
may be seen as if they were at an infinite distance, for rays of 
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light proceeding from them are parallel rays in the space 
between the two object-glasses. The middle line of the 
reticle then defines a fixed direction from the instrument and 
serves the same purpose as the ordinary distant azimuth 
mark, provided the collimator remains fixed in direction. 
Great care is necessary in mounting a collimator and in pro- 
tecting it to insure that this last condition is sufficiently well 
satisfied. 

183. In accurate azimuth work, to insure that errors of 
time and latitude have but little effect upon the computed 
azimuths, only close circumpolar stars should be observed. 
It will be found advisable to use only the four close circum- 
polars of which the apparent places are given in the 
Ephemeris, namely, a, A, and 6 Urse Minoris and 51 Cephei. 
Fig. 23, showing their relative positions, will be found a con- 
venient aid in finding and identifying them. The figure also 
shows roughly their right ascensions, declinations, and mag- 
nitudes. The position of the figure on the page corresponds 
to the position of the stars in the sky at o" sidereal time. 
The figure in the sky rotates once around in a counter-clock- 
wise direction every twenty-four sidereal hours. The arrow 
at the pole indicates by its length and direction the apparent 
motion of the pole among the stars in a century. 

184. Three methods of observing will be treated. First, 
that in which’a close circumpolar star is observed at any 
hour-angle, and the instrument is used as a direction instru- 
ment; second, a similar method in which the instrument is 
used as a repeater; and third, a method of observing upon a 
close circumpolar near elongation with an eyepiece micrometer 
only, without using the horizontal circle. 

185. For the first method the following program of 
observing may be used: Point upon the mark and read the 
horizontal circle, twice each; point approximately upon the 
star and place the striding level in position; perfect the 
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pointing upon the star and note* the chronometer time of 
the bisection; read the horizontal circle; point again upon 
the star, noting the chronometer time; read the circle; read 
the striding level and reverse it; point upon the star and note 
the chronometer time; read the circle; read and remove the 
striding level; point upon the mark and read the circle, twice 
each. This completes a half-set. Reverse the telescope in 
altitude, and the instrument in azimuth, and repeat the same 
routine for a similar half-set. The whole set will thus be 
made up of six pointings upon the star and eight pointings 
upon the mark, with the corresponding circle readings, and 
four readings of each end of the bubble of the striding level. 
It will be found a convenience when making the computation 
if the altitude of the star is read to the nearest minute from 
the vertical circle once for each half-set. The special consid- 
erations that lead to the recommendation of the above routine 
are: that the effect of twisting of the instrument in azimuth 
should be eliminated from the result for each half-set as far 
as possible; that the level bubble should have time to settle 
without delaying the observer for that purpose; and that the 
observations of a set should be completed as quickly as possi- 
ble to avoid the effects of instability of instrument. More 
pointings in a set would serve to decrease the effect of errors 
of observation, but tend to increase the errors due to in- 
stability. 

To secure accurate results, the pointings upon the star, 
mark, and graduations must be carefully made; all heating 
of the instrument above the temperature of the outside air, 
and especially all unequal heating of its parts, must be avoided 
as far as possible; the manipulation must be made with as 
little applied force as possible, especially at the instants when 


* The allowable error in time being comparatively large in azimuth 
work, the observer may simply call ‘‘ Tip” at bisection and let an assistant 
read the chronometer. 
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bisections are being made. Other conditions being unchanged, 
the more rapidly the observations are made the greater the 
accuracy, because the errors due to instability are smaller. 

186. Before commencing the next set of observations, the 
graduated circle should be shifted to another position so that 
each microscope will come over a different part of the gradua- 
tion. To insure as complete an elimination of periodic errors 
of graduation as possible, it is advisable to shift the circle 
between the successive sets of a series so that the various 
positions of a given microscope, when pointing upon the mark 
in a given position of the telescope, shall divide the interval 
between successive microscopes (120° or 180°, usually) into 
as many equal parts as there are sets in the series. 


187. EXAMPLE OF RECORD. 
Station—West Base. Observer—A. F. Y. 
P= 4I -20' 031.5 Instrument—T. & S. Altazimuth No. 72. 
Date—Sept. 13, 1877. divwof striding level —2 Sry 
Star—dé Urse Minoris. Chronometer—Negus 1431 (Sidereal). 
Ca — aT ORM TEA eel Chronometer correction = + 4*.5. 
On=ECOm301 Al.AO 
2 Level i 
iS EVE Horizontal Circle. 
w | Readings. 
e Ch eter 
: a ronom 
Object. 2 Times. 
| Abita jo TB. Index. Mic. A. Mic. B. Mic. C. 
Ay 
fe a dad a a a 
Mark | D 142° 25’| 3. 19.7| 19.0 | 20.5 | 20.0 | 21.7 | 20.5 
<6 Ke 142 25 | 3* 21.0] 19.7 | 20.0 | 21.0 | 2050 | 18.3 
Star s6 ad da of 08™ oo8.0 158 20]|0 24.0] 23.0 | 25.0 | 26.5 | 24.5 | 24.3 
z ** | 60.3 | 47-2 09 OI .O 158- 20 | © 26.0] 25.5 | 27.5 | 28.2 | 27.1 | 26.7 
eS Sl ATsi| i O5.0 09 50-5 158 20] 0 26,8] 26.8 | 28.0 | 28.8 | 28.0 | 28.2 
Mark ae Tao) 25 ese 23. bine? Onl2eOulm2 360: |" 22.41 20,2 
ne me L4z) (25/9 22.2) 2r4 | 20.7 | 22.0.) 21.3) 18.9 
eS R 322 25 | 3 09.0] 08.1 | 07.3 | 08.8 | 08.4 | 06.2 
a s 322 25 | 3 07.2] 06.6 | 05.3 | 07.2 | 06.3 | 04.7 
Star s © (20 033.5 338 20] © 56.2] 55.2 || 57.5 || 58.2 | 56-8 | 55:7 
a “ | 46.4 | 62.4 2A tS 338 20] x 07.2] 06.6 | 08.3 | 09.2 | 07.3 | 07.4 
y “62.8 | 46.0 22 46.0 338 20] 1 19.5] 18.9 | 20.7 | 20.9 | 19.0 | 19.0 
Mark | ‘* 322 25 | 3 07.8] 07.4 | 06.4 | 07.9 | 07.6 | 05.5 
ef Ly 322, 25 |3 07,9) 07.4 |-o6.2 | 08.2] 07.6 | o6.5 


The mean zenith distance of the star during the observations, from two approximate read- 
ings of the vertical circle, was found to be 40° 52’, 


* The reading of the whole turns, for the other micrometers, is not repeated in the record, 
but in making the readings it is called out to the recorder. If he finds it the same as for 
micrometer A, the record is as above. If it falls a unit below that for A, he indicates it by 
writing a minus sign over the recorded reading of the head; and if it is a unit above, he calls 
attention to it and records it as 60-++ the given reading. 
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The Circle Reading. 


188. In the record above, two readings are given for each 
position of each reading microscope. When commencing to 
read microscope A for the first time, for example, in the above 
set of observations, the field of view looked as shown in 
Fig. 25.* The reading was evidently 25’ plus the angle 
represented by the interval from the zero of the microscope 
(the position in which the micrometer lines are shown) to the 
25’ graduation. This plus quantity is read directly from the 
micrometer when the 25’ graduation is bisected (called the 
forward reading), namely, 3’ 19.7, provided there is no error 
of pointing, and proveded each turn of the micrometer repre- 
sents exactly 1’. But neither of these conditions are realized 
in practice, and a more reliable result may be secured if a 
reading is also made on the 30’ graduation (called the back- 
ward reading). With perfect pointing and perfect adjustment 
of the micrometer, the screw would necessarily be turned 
exactly five revolutions backward to pass from a pointing on 
the 25 line to a pointing on the 30 line, and the reading of 
the head of the micrometer would be the same in both cases. 
It is actually 0.7 less. Neglect fora moment all considera- 
tion of possible errors in pointing and reading. These two 


readings would then indicate that one turn of the micrometer 
/ 


represents ¢ - = 59.856. Hence the measured interval 


5.012 
of 3’ 19.7 from the zero of the micrometer to the 25’ line 
I 


represents (; 92) (59.856) = 3/19".2. This procedure does 


* The field of view is here shown as it actually appears to the observer. 
The microscopes invert, and therefore the graduation really increases in 
the opposite direction from that here shown. 

+ 0.7 division = 0,012 turn. (604 = I turn.) 
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not involve any assumption as to the exact value of one turn, 
but in fact derives the circle reading from each pair of mi- 
crometer readings upon the assumption merely that the grad- 
uated interval on the circle isexact. This process of making 
the correction for the run * of the micrometer may be put in 
convenient form for rapid computation for the above-described 
instrument as follows. “The above figure and explanation will 
serve as a sufficient proof of the formule given. 

189. Let /’ be the forward reading of the micrometer, 
both comb and head, expressed in turns, this reading being 
taken on the line of the graduation which is adjacent to the 
zero of the micrometer in the direction of zucreasing readings 
of the micrometer; and let F be the corresponding reading of 
the micrometer heady expressed in turns. Let: be the 
backward reading of the micrometer head, expressed in turns, 
taken on that line of the graduation which is adjacent to the 
zero of the micrometer in the opposite direction. Let the 
fruesreadine of the circle: tobe derived: be? called 7. * “ket 
the interval between lines of the graduation be called J (5’ 
in the preceding illustration). Then one turn of micrometer 


= ee — i as — R Strictly, the required value of 
: 5 / : 
mise thens, 7 eer BY ). But remembering that 


F — B is ordinarily only one or two sixtieths of a turn, and 

is therefore small as compared with the complete interval (5 

s+B8-F _, Nie — tN 
aa) eo, 


in which the difference 8 — His now taken in divisions of 


turns), we may write 7 = 


* The rux of a micrometer is the amount by which one turn exceeds, or 
' falls short of, its nominal value,—o.7 in the above example. The error of 
runs is the error in the result which is introduced by neglecting the run of 
the micrometer. 
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the head, and considered to represent seconds. The nominal 
reading of the micrometer being (1’) (#”), the correction, C,, 
to this nominal reading, or correction for run to be applied 
to the forward reading, is 


6 =2 Sr) =F6- 7) Liat a(S) 


The values of C, will be found tabulated in § 309 for the 
arguments /’, the nominal forward reading, and B — F, ex- 
pressed in divisions, or nominally in seconds. This tabie 
applies of course only to a reading microscope of the above 
type in which five turns are nominally equal to 5’, one space 
of the circle graduation, and each division of the head is 
nominally 1’. The table may be used to correct each forward 
reading of a series, or the mean value of C, taken out from 
the table for each reading may be applied to the mean of the 
forward readings. A similar table may be constructed on the 
same principle for any other micrometer. 

190. In developing the preceding method of computing 
the true reading of the circle, the accidental errors of pointing 
upon the graduation have been entirely ignored, it being 
tacitly assumed that they are small as compared with the 
error of runs. Let us now make the converse supposition— 
that the error of runs is small as compared with the error of 
pointing. On this supposition the forward and back readings 
of the: head differ simply because of errors of pointing. 
Hence they are equally good determinations of the seconds 
of the reading, and their mean is to be taken. On this sup- 
position the true reading, so far as the seconds are concerned, 
is 

F+B 
es sp ier <6eae Mke® Te (89) 
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191. The use of (89) instead of (88), or the corresponding 
tables, leads to quite a saving of time. Two other considera- 
tions also point to such use as advisable. Firstly, the true 
result sought is in reality detween the results given by these 
two methods, since errors of run and errors of pointing both 
exist, and in general neither are insensible as compared with 


/ 


F 
the other. Secondly, a in (88) is as apt to be greater than 


4 as it is to be less than 4. If 77 is 3, the use of (88) gives 


numerically the same result as (89). Hence the results from 
the use of (88) are as apt to be greater as to be less than those 
from (89), and the greater the number of observations treated 
the nearer the results from the two formule agree. Hence, 
in general, there is not a sufficient gain in accuracy over the 
procedure indicated in (89) to justify the time required to 
correct foiwetrors of rune 


The Level Correction. 


192. Any inclination of the horizontal axis affects the 
circle reading corresponding to the pointing upon the star, 
and necessitates a correction which is to be determined from 
the readings of the striding level. 

In Fig. 26 let WESW represent the horizon. Let s be 
the star, and Z the zenith. If the instrument is in perfect 


~ Sometimes the mean value for the run of a given micrometer is de- 
rived from a special series of observations for that purpose: the run is 
assumed to be constant: and a correction based upon this mean value is 
applied to the mean results computed by (89). This procedure shoriens 
the work of applying the correction for run, after the mean value of the 
run has been computed. The validity of the assumption that the run is a 
constant is so doubtful, however, that it seems that if the correction fo1 
run js to be applied at all, it should be based upon a value for the run de- 
rived from the very readings that are to be corrected. 
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adjustment, when the telescope is pointed upon the star the 
plane in which the telescope is free to swing about its hori- 
zontal axis is defined by the arc ZsP, in which P is the pole 
of the great circle passing through Z, and A, the point in 
which the horizontal axis produced pierces the, celestial 
sphere. If, now, the horizontal axis be given an inclination 
6, the west end being placed too high, A will move toa point 
A’, at adistance J along Az. The zenith of the instrument 
will virtually be shifted to Z’ (such that the arc AZZ’ = go’, 
and ZZ’ = 4), that being the nearest point to the true zenith 
to which the telescope can be pointed. The telescope is now 
free to swing in the arc Z’P. But this arc does not pass 
through s. To bisect the star it is necessary to turn the 
instrument about its vertical axis, which now passes through 
Z’, until the telescope swings in the arc Z’s. A’ will then 
be in such a position as A’. The change in the circle read- 
ing, due to the inclination of the axis, is evidently measured 
by the angle PZ’s. The circle, if graduated clockwise, now 
reads too small by that amount, which will be called C,. 
Consider the spherical triangle Z’Ps. In this triangle the 
angle at Z’ is the required C,, the angle at Pis 0, the side 
Ps is the altitude of the star A, and the side Z’s is the zenith 
distance of the star as measured with the displaced instru- 
ment. But, the displacement being small, Z’s may be for 
the present purpose considered equal to Zs, the zenith dis- 
tance, €, of the star. From the proportionality of the sines 
of angles and opposite sides in the triangle Z’Ps, we may 
write ~ a = = 2 Replacing sin C, and sin 6 by C, and 
6, those angles being small, and solving for C,, there is 
obtained 


in A 
G=t =o tan, eb theyc. Poi OO)} 
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Expressing the inclination 4 in terms of the readings of 
the striding level, there is obtained the complete formula for 
the level correction, 


C. = {ww — (e+) tan A, oe) 


for a level having its divisions numbered both ways from the 
middle. 


P= t@t)—W +e} tana. =i (62) 


for a level numbered continuously in one direction, the 
primed letters referring to the readings taken in the position 
in which the numbering increases toward the east. Cy, as 
given by these formule is the correction to the circle reading 
on the supposition that the numbers on the circle graduation 
increase in a clockwise direction. 

Similar corrections to the circle readings upon the mark, 
derived from corresponding readings of the striding level, are 
necessary if the line of sight to the mark is much inclined. 
Ordinarily the line of sight to the mark is so nearly horizontal 
that such corrections are negligible, and the corresponding 
level readings may be dispensed with, provided that care is 
taken to keep the instrument well leveled up. 


Azimuth of the Star. 


193. The preceding formule suffice for the computation 
of the horizontal angle between the star and mark. It 
remains to compute the azimuth of the star. 

The detail of the process of computing the hour-angle of 
the star from the chronometer reading need not be stated 
here. The hour-angle ¢ and the declination 6 of the star 
being known, as well as the latitude of the station ¢, the 
azimuth of the star may be computed from the spherical 
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triangle defined by the star, the zenith, and the pole. Certain 
sides and angles of this spherical triangle have the values 
indicated in Fig. 9, in terms of the angles, z the azimuth of 
the star reckoned from the north, A its altitude, and 7, ¢, 
and 6. From the principle that the sines of the angles of a 
spherical triangle are proportional to the sines of the opposite 
sides, we may write 


sin 2 sin ¢ 
COS' Oe COS eee el (93) 


Also, from the principle that in any spherical triangle the 
cosine of any side is equal to the product of the cosines of the 
other two sides plus the product of their sines into the cosine 
of the opposite angle, we may write the two formule, 


sin 6 = sin ¢@ sin d-+ cos ¢ cos A cos zg; » (94) 


sin A =sin @ sind + cos @cos dé coséz. . . (95) 


By substituting sin A from (95) in the first term of the second 
member of (94), and solving the resulting equation for cos Z, 
there is obtained 


(i — sin’ ¢) sin 6 — sin ¢ cos ¢ cos 6 cos ¢ 
cos @ cos A . 


(96) 


(Clay (7 = 


By substituting cos’ ¢ for 1 —sin’ @, and dividing both 
numerator and denominator by cos ¢, (96) reduces to 


cos ¢ sin 6 — sin @ cos 6 cos ¢ 
cos A 


cos 4 = 


Cys) 
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If (93) is now divided by (97), and both denominators of the 
resulting equation are divided by cos 6, there results 


sin Zz 
cos @ tan 6 — sin @ cos?’ 


tan\2 = (98) 
from which z may be computed from the known values of ¢, 
6, and¢. In (98) zis the azimuth of the star east or west, 
respectively, of north, as the hour-angle, is reckoned from 
upper culmination to the eastward or westward, respectively. 


The Curvature Correction. 


194. To apply this formula to the star for each pointing 
made upon the star during a set of observations would be too 
laborious a process. If for the ¢ of the formula is taken the 
mean of the hour-angles of the set, the computed azimuth is 
that corresponding to the mean hour-angle, but is not the 
required mean of the azimuths corresponding to the separate 
hour-angles, since the rate of change of the azimuth is con- 
tinually varying. The difference between the two quantities 
indicated by the italics is small, though not usually negligible, 
for the interval of time covered by a set of observations. It 
is proposed to derive a sufficiently precise expression for this 
difference, and to apply it as a correction to the result 
obtained by using a mean value of ¢ in formula (98). 


LOS et et ne7,, olu4 oc, Deathe observed hour-angies, 
aici) ez, eas sak cy tue= respective ~correspondine ‘azi- 
muths. Let ¢, be the mean of the observed hour-angles, 

t t 58 Bc Te 5 
= - aug 22 : , and let z, be the azimuth correspond- 
Petree eet (UN, Oh. te ews i Aly by —— 0s 


Then 
He ete OF. (90) 
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If the third and following derivatives of z with respect to 
z be neglected, we may write 


d’ | 


az i 
= 2p eS 7? 
ay &y + phe t, + te $472, ’ 
dz, d*z Fee 
Cy = aie dt ote Wp? t, 2 % ' Ei (100) 


az 5 eee 
By = a ain + Up ttn ’ 


J 


2 


az OS n% 
in which a and TP are the first and second derivatives corre- 


sponding to z, and ¢,. The mean value of ¢ is 


atte tases mm 4 4 Odd + 44t! + 340s... $Ain 
n 


(101 
at? n ees 


d: 
The terms of the form <a disappear by virtue of the rela- 


~ 


tion expressed by (99). 

a 
dt’ 
equation (98) as follows: Since only close circumpolar stars 
are being considered, z is always small, and as an approxi- 
mation we may write ¢ (in arc measure) for tanz. Also, 
since for the stars under consideration 6 is nearly 90°, cos ¢ 
tan6 is much larger than sin @ cos ¢, and the quantity 

I 
cos ¢ tan d — sin Pcos zt 
interval of a few minutes over which the observations of a set 
extend, and will be called C. Equation (98) becomes after 


196. An approximate value of may be derived from 


may be assumed constant for the 


Laren: , : az 
these substitutions z= C sin ¢, whence a= C cos ¢, and 
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a*z Gung sin ¢ 
= = — Csi = : =— 
at cos @ tan 6 — sin g@ cos Zz le 
2 
: F 3 : : & 
For substitution in (101) this must be written —; = — tan 2,, 


at 
according to the statement following equations (100). Equa- 
tion (101) then becomes 


2 — | 
2, +22 +23... 2 LAt, + 1At, Sg ee oe’ Pm 


= 2 — tan 202. 
n n 


197. In deriving the expression — tan z, for Z was 


Cat 
considered to be in arc measure. Therefore, putting 4¢,, 
At,, At, ... At, also in arc in that term, and then dividing 
the whole term by sin 1” to reduce to seconds, it becomes 
$40, + $40, + $40," .. 440, 

m sin 1” , 

Finally, to facilitate the computation by enabling the 
computer to use the table given in § 307, we may write 
At (in arc) = 2 sin $42, or $4¢ = 2 sin’® 447. 

Equation (102) may then be written 


EG eA 


2iteotes.- Zn 1/2sin?i4¢, _ 2sin®$47¢ 2sin? $4 ty 
a SH EM OY Hie a Fas oe ; The IGS os cartank sary Ree 
n n\ sin I sin I sin I 


) (103) 


; : 2 sin’ £4¢, 

in which the values of the terms Fee TNE az , etc., are known 
from the table given in § 307. Certain approximations have 
been made in deriving the last term in (103),* but the total 
value of that term is so small that the errors due to these 
approximations are negligible. 


* Sor a slightly different method of deriving the same formula, see 
Doolittle’s Practical Astronomy, pp. 537, 538. 
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Correction for Diurnal Aberration. 


198. To the results as computed by the above formule 
there must still be applied a small correction for the effect of 
diurnal aberration. Because of the rapid motion of the 
observer due to the rotation of the Earth on its axis, the star 
is seen slightly displaced from its real position, and the 
apparent azimuth of the star is correspondingly affected. 

Suppose that at the instant of observation the station from 
which the observation is made is moving in the direction AB 
of Fig. 27. AB#necessarily passes through the east point, on 
the celestial sphere, of the observer’s horizon at that instant. 
Let SA be the true direction of the ray of light from the star. 
The figure is drawn, then, in the plane defined by the star, 
the observer, and the east point of the observer’s horizon. 
In consequence of the aberration the star will be seen in the 
direction AS’. Let CA and AD be drawn proportional to the 
distance V traversed by a ray of light in one second, and the 
distance v traversed by the station of observation in one 
second, respectively. Complete the parallelogram CADG. 
Call the angle SAB Ss, and- the ancle CAG — SAS aap: 
df is the apparent displacement of the star measured in the 
sin ad v 
St ee 2 i 


plane of the figure. From the triangle CAG, 


dp = Li sin f. 


Substituting for v, 0.288 cos %, and for VY 186 000 (see 
§ 96), there is obtained 


ap = 07.310 COS Psin Pi, 7. ee OA) 


199. It remains to determine the effect of this displace- 
ment upon the star’s azimuth. In Fig. 28 let VESW be 
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the horizon of the observer, Z his zenith, and s the star. 
Prolong the great arc Zs to #. In the spherical triangle s/Z 
the angle at / is 90°; the side sF is the altitude of the star 4, 
the side ME is 90° — 2 (z is the azimuth of the star), and the 
side s# is the # of the preceding paragraph. Call the angle 
sEF vy, Then from Napier’s rules for a right spherical tri- 
angle we may write 


CsA sin si Cos'Us- .. . =a. oe (105) 
Sinve so Gesing Pp — cosy) a8. ae (100) 
SOSeAeSiN -2)— COS.) wets.) me tm B(TO7) 


Substituting the value of sin /s£# from (106) in (105), there is 
obtained 


COSUAECOS Ze== SINE COS,2) | ew bo ten G1OS) 


We require the effect upon z of a small change in f. 
This may be found by differentiating (107) and (108) with 
respect to A, z, and # (but not with respect to v, since that 
is not changed by the change in #). Thus we find 


cos A cos sdz — sin A sin dA = — sin BdB; (109) 
— cos A sin dz — sin A cos dA = cos f cos vd. (110) 


Multiply (109) by cos z and (110) by sin z, and subtract the 
second of the resulting equations from the first, and there is 
obtained 

cos Adz = — cos 2 sin BdB — sin 2 cos # cos vdf. (111) 
Solve for dz, multiply both numerator and denominator of 
the resulting fraction by sin #, and eliminate cos uv by substi- 
tuting its value from (108), and the result is 


COS Z 


ReGA ee (112) 


a= — 
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Substituting the value of d@ from (104), we have, finally, 


Pf cos @ Cos 4 


dz = —'0".319 Wee pa a (113) 


For a close circumpolar £ will always be nearly unity, 


and so will be cos z, except for stations very near the pole. 
Hence for such stars it is nearly exact to use 


QE EOF 2 ee a aye ee GTA, 


The greatest variation from this value for the four circum- 
polars mentioned in § 183, and for stations below latitude 
50°, is 0.02. Hence for most purposes it suffices to use 
(114), that is, to dispense with the computation of the factor 
cos @ Cos 4 

cos A 
this book. 

The sign in (113) and (114) is for the correction when the 
azimuth of the star is expressed as an angle west of north. 
If the azimuth of the star is expressed as an angle east of 
north, the sign must be changed to +. 


of (113). That will be done in the examples of 


{ 


Example of Computation. 


200. The computation of the set of observations given in 
§ 187 is as follows. No correction was applied for run of 
micrometers, the true reading of the circle being derived by 


(89). 
Lor First Half-set. 


IWieAanicinclesreadine OMUSta torsnecttertectelsaeleteisieeete rioters = 158° 20’ 26.38 
Level correction = (101.8 — I12.7)(0.530)(0.865)........ = = 8 400 
Corrected muecanmeading OniStateieretachtecheteetetrreietns = 158 20 27 .38 
Meanenea Gino Onema Ckycticelelend od aetcens ake tieeeiereen: = 142 28 20 .88 


Wega 'e \xeERts Oli GEV ccaandan cadook co GnOO Doo sono OO LOOM = 15 52 00.50 
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For Second Half-set. 


Meanrcinclelreaditlp1Omista terre iter oleic ste eistel lalate rote Sage eal! Gy ood 
Level correction = (109.2 — 108.4)(0.530)(0.865)........ == -+ oO .36 
(Corneal wiceyn ieEvehiyucogde 6ncog dan cd OddDGUDecdG5e —7338e02 Tr OSa30 
Meanmeadin oso nemian keel steresiciel= citere oitoye sicvelevavelots olcrs c 8322 Om Ov maTG 
Miamkewies tiotestat a deitecters ctereesa ici ick te) ekoeesj a cle) == WS ORS ON ata 
Mark west of star from whole set (mean)............. = G09 Bey So. ee 
Mean of observed chronometer times ....t............ = ORS sh 
ChimonOmeter COTE CClOmMee et ee eretecer Seo OLS HOt aasac = + 4.5 
Meanbotesidereals tin esiei-rerla'e + itererr cies aioletatotelsicle 1s eishalcte — Ost Sm LOnG 
Geb Bis GoM bene SPOTS HpSoOee oA danas Udo oaaaGH Opa Goce =18 II 47.5 
i i 6h Og 29°.4 
Mean hour-angle, 7), west from upper culmination.... = Meh ust 
} QOm 52.216 o 
log cos @= 9.8745614 log sin @ = g.8211300 log sin ¢ = 9.9999497 
log tand = 1.2275941 log cos ¢) = 8.1826260% log 12.66198 = 1.1025016 
I.1021555 | 8.00375607 log tan z = 8.8974481 
+ 12.65189 — 0.01009 Pid SOLS Aiea 
pie O19 I ¢ sin? 444, 
es = (i y= || SSS Po oe NE — 6 .20 
12.66198 sin 1” 
y 2 sin? 44¢ Correction for diurnal aberration = —0O .32 
z aR EGET EE At Be 
; ae Azimuth of star, west of north =IAy 30547205 
PS tor 97 Mark west of star Sy BOBO ee 
Onl Tae 4 ss SP? ee eco an 
5 Pen) 56 .51 Azimuth of mark, west of north =20 23 18 .77 
fh Are ot 46 .2i 
Ome 2 iient 79 .20 
Wf BB.de TL2) 220 
6)471 .32 


Mean = 787.55 
log 78.55 = 1.89515 
log tan z = 8.89745 


Curvature 0.79260 
correction 6''.20 
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Program of Observing for the Method of Repetitions. 


201. To measure a horizontal angle by repetitions one 
must use an instrument having a clamp and tangent screw to 
control the motion of the lower or graduated circle, in addi- 
tion to a similar clamp and tangent screw to control the rela- 
tion between the upper circle carrying the verniers and the 
lower graduated circle. At the beginning of the measurement 
the circle is read. By a suitable manipulation of the two 
motions, upper and lower, the angle to be measured is multi- 
plied mechanically three, five, or more times. The circle 
being read again gives the measured value of the multiple 
angle, from which the required angle is readily derived. 
This process serves to greatly decrease the errors arising from 
erroneous readings of the verniers, and errors of graduation. 
But any lost motion, or false motion, in clamps and tangent 
screws, affects the measured angle directly. To eliminate 
this error as far as possible one may measure both the required 
angle and its explement,* always revolving the instrument in 
a clockwise direction with ezther motion loose, and making all 
pointings with either tangent screw so that the last motion of 
that screw is in the direction in which the opposing spring is 
being compressed. With this procedure, unless the action of 
the clamps and tangent screws is variable, the derived values> 
of both the angle and its explement will be too large or too 
small by the same amount. The mean of the measured 
angle and 360° minus the measured explement will be the 
correct value of the angle unaffected by the constant errors 
of the clamps and tangent screws. 

202. The following is a convenient program. for the 
measurement of an azimuth by repetitions. After all adjust- 
ments have been made and the instrument carefully levelled, 


* 360° minus a given angle is called the explement of that angle. 
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clamp the upper circle to the lower in any arbitrary position; 
point approximately upon the star; place the striding level 
in position and read it; reverse it, read it again, and remove 
it; point accurately upon the star, noting the chronometer 
time, and using the lower clamp and tangent only; read the 
horizontal circle; unclamp the upper motion and point upon 
the mark using the upper clamp and tangent screw; unclamp 
the lower motion and point upon the star, using the lower 
clamp and tangent screw and taking care to note the chro- 
nometer time of bisection; loosen the upper motion and point 
again upon the mark, using the upper clamp and tangent 
screws; take another pointing upon the star with the lower 
motion, noting the time; point again upon the mark, using 
the upper motion; read the horizontal circle. This completes 
the observations of a half-set if three repetitions are to be 
made. In passing from the star to the mark, and vece versa, 
the instrument should always be rotated in a clockwise direc- 
tion, and the precaution stated in the preceding paragraph as 
to the use of the tangent screws must be kept in mind. 
Before commencing the second half-set the lower motion 
should be unclamped, the telescope reversed in altitude, and 
the instrument reversed 180° in azimuth. The program will 
be as for the first half-set, except that now the first pointing 
is to be upon the mark; a@// pointings on the mark are to be 
made with the /ower clamp and tangent screw, and upon the 
star with the upper clamp and tangent screw; and the strid- 
ing level is to be read just after the /as¢t pointing upon the 
star. The direction of motion of the instrument must always 
be clockwise as before, and the tangent screws must be used 
as before. 
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203. EXAMPLE OF RECORD; METHOD OF REPETITIONS. 
Station—Dollar Point, Texas. Observer—A. F. Y. 


@ = 29 26’ 02”.6. Instrument—Gambey Theodolite. 
Date—April 5, 1848. 1 div. of striding level = 3.68. 
Star—Polaris. Chronometer—Hardy No. 50 (Sidereal). 

at OA IOAR 7 6 Chronometer correction = — I°.8. 


Oy = EP ey Bap ey: 


Level ircl ; 
Pos. Readings. No. of Ghronometer Gi le Renee: 
Object of a ee ee Repeti- Times 
Tel tions. s 
Ww. E. Vernier A. Vernier B. 
Star D 129.0 71.5 3 9 03™ 338.5 O12 104530// 271° 10' 40!" 
81.0 IIg.0 & Banas 
‘ 06 07 «5 
Mark. D. 128 14 50 308 14 50 
Mark. R. 3 oe 128 14 50 308 14 50 
9 08 06.5 
121.5 79.0 09 24.5 
Star. R. 80.0 | 120.0 10. 237.5 Oye Bel vie) 271 13 50 


204. No reading of the altitude was taken. The altitude 
may be derived with sufficient accuracy for use in computing 
the level corrections from the table in § 310. The level cor- 
rection must here be applied to the angle between the star and 
mark, not directly to the circle reading. Formule (91) and 
(92) will not give the sign of the level correction; that must 
be derived from the consideration that the star appears to be 
farther west than it really is if the west end of the horizontal 
axis is too high, and vice versa. 

The angle between the star and mark, computed from the 
first half-set, is 


(128 484! 50 =-*0 asl OURS a)e ele 22020; 
and from the second half-set is 
(281A 50 OL 13 AG ea 1220 ee Teme 
* Evidently this method of computing the second value of the angle 


necessarily always gives the same numerical result as first computing the 
explement and then subtracting from 360°. 
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The remainder of the computation may be made as indi- 
cated in § 200. 


Directions for Observing Azimuth with a Micrometer. 


205. If the instrument is provided with a good eyepiece 
micrometer measuring angles in the plane defined by the 
telescope and its horizontal axis, the most accurate as well as 
the most rapid way of determining azimuth with it is to place 
the azimuth mark nearly in the vertical plane of a close cir- 
cumpolar star at elongation, and then to measure the hori- 
zontal angle between the star and mark with the micrometer, 
independently of the graduated horizontal circle of the 
instrument. 

206. To place the azimuth mark with sufficient accuracy 
in the required position one may take a single pointing upon 
Polaris on the first night after the station is ready for obser- 
vations, noting the sidereal time and the reading of the hori- 
zontal circle. The instrument may then be left standing, 
with the lower motion clamped, until the next day. During 
the next day the instrument may be set to such a reading of 
the horizontal circle computed roughly from the observations 
of the night before, by the table of § 310, or by formula (98), 
as would place the telescope in the vertical plane of the star 
about 30™ before or after the elongation at which the obser- 
vations are to be made. An assistant may then, by previously 
arranged signals, be aligned at the propased site of the azimuth 
mark so as to place it in the direction defined by the tele- 
scope. The ‘‘alignment’’ of the mark may be made at 
night, as soon as the pointing is made upon Polaris, instead 
of waiting until the next day, if necessary; but it is usually 
easier to pick out a good location for the mark and to trans- 
mit signals from the station to the mark in daylight than at 
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night. The mark may be placed either to the northward or 
to the southward of the station. 

207. The adjustments of the vertical axis, of the levels, 
of focus (see end of § 216), and for bringing the movable 
micrometer line into a vertical plane, must be made as indi- 
cated in § 180. 

208. The following is a good program for the observa- 
tions. Place the micrometer line at such a reading that it is 
nearly in the line of collimation of the telescope. If this 
reading is not already known, it may be determined by taking 
the mean of two readings upon the mark with the micrometer, 
the instrument being rigidly clamped in azimuth, and the 
horizontal axis of the telescope reversed in its Ys between the 
two readings. Clamp the lower circle, and point upon the 
mark by use of the upper clamp and tangent-screw. Then, 
with the instrument clamped rigidly in azimuth, take five 
pointings with the micrometer upon the mark, direct the 
telescope to the star; place the striding level in position; 
take three pointings upon the star with the micrometer, noting 
the chronometer time of each; read and reverse the striding 
level; take two more pointings upon the star, noting the 
times; read the striding level. This completes a half-set. 
Reverse the horizontal axis of the telescope in its Ys; point 
approximately to the star; place striding level in position; take 
three pointings upon the star, noting the chronometer times; 
read and reverse the striding level; take two more pointings 
upon the star, noting the times; read the striding level; and 
finally, make five pointings upon the mark. 

Such a set of observations may be made very quickly; the 
effect of a uniform twisting of the instrument in azimuth is 
eliminated from the result; and the bubble of the striding 
level has plenty of time to settle without delaying the 
observer for that purpose. 


§ 210. MICROMETRIC METHOD. 225 


209. With the instrument used for the following observa- 
tions, increased readings of the micrometer correspond to a 
movement of the line of sight toward the east when the 
‘vertical circle is to the east, and toward the west if the ver- 
tical circle is to the west. 


210. EXAMPLE OF RECORD AND COMPUTATION. 


‘Station No. 10. Observer—J. F..H. 

P= 3 E219 +35 ..0. Instrument—Fauth Theodolite No. 725. 
Date—October 13, 1892. é One division of striding level = 3.68. 
Star—Polaris, near Chronometer—Negus No. 1716 (Side- 

eastern elongation. real). 

‘One turn* of micrometer = 123’.73. Chronometer corr. = — 2" 11™ 28,2. 

, % Micrometer 

(Gre Level Readings. ; ; 

E. Chronometer Ne 2 sin® 4Az Keating ss 

or Time. sin z// On On 

W. W. E. Star. | Mark. 

d. d. Bs Be 
E 8.0 9-9 gh 06™ 388.0 | 3™ 588.6 31.05 | 18.379 | 18.310 | Longitude 
10.0 7-3 07 §32.0'| 3 04.6 18.59 - 388 -315 | 25 12™ west 
— — Cun Loach ee Skin 12.45 +400 -315 | of Wash- 
+ 18.0 — 17.2 (00) 95320. 1023) 0 3.82 +424 .311 | ington. 
E. + o}.8 og 48.0] 0 48 .6 1.29 +430 316 
18.4042] 18.3134] Means. 
Ww 9.0 9.0 OF 12s. One oer a 25.2 3.96 18.100 | 18.290 
760. 10.9 T2e 240.7; I 48.1 6.37 «100 +275 
ee —- rey AS dey ll OF GEG, 9.46 +090 +279 
+ 16.0 — 19.9 ney A ae Ney Ie yays 17.61 -086 -281 
W. — 3/.9 £3. (S0.5 |) oo amr .s 22,14 .080 +279 
Mean =|— 1.55 g 10 36.6 12.67 18.0912] 18.2808] Means, 


a of Polaris = 15 20" 07°.4 


: 3 penn tt i ion. 
Bombolaris ase ane 4 t at the time of observation 


Altitude of star at the mean epoch of the 


observations, per section 308, SSB’ Teh 
Altitude of star at the middle of the first 

half-set, per section 308, = 218 1b 
Altitude of star at the middle of the 

second half-set, per section 308, == Shy a 


Collimation reads, 3(18.3134 + 18.2808) = 18.2971 


* The head of this micrometer was graduated to 100 equal parts. For 
the meaning of an increased reading see § 209. 
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Mark east of collimation, 
18.3134 — 18.2971 = 50/-0163 = 02"’.02 
Circle E., star E. of collimation, 
(18.4042 — 18.2971) + 0.8554 * = 0.1252 
Circle W., star E. of collimation, 
(18.2971 — 18.0912) + 0.8551 + = 0.2408 


Mean, star E. of collimation = ONS 35 = 225.70 
Mark west of star = 20 .68 
Level correction, (1.55)(0.92)(0.606) == —o .86 
Mark west of star, corrected = Ig .82 
Mean chronometer time of observation = PU AG Bips: 
Chronometer correction —— 2 eZ Oe 
Mean sidereal time of observation = 18 59 08.4 
a SS i ey OR 
Hour-angle (= ¢) east of upper culmina- 
tion =p mw AOS © Bey Sec 
logcos @ = g.9315695 Jog sin @ = 9.71593 log sin ¢ = 9.998177! 
log tan 6 = 1.6563815 log cos¢ = 8.96108” log 38.76893 = 1.5884838 
| 1.5879510 | 8.67701” log tan % = 8.4096933 
38.72140 — 0.04753 Byes ut ORY GOK 
-+ 0.04753 1 /2 sin? 442, 
ae — tan 25 —|—_.-__— - ete. |) — — 0 .33 
38.76893 SUE 
Correction for diurnal aberration = = 0 .32 
1 /2 sin? 3472, Star east of north = z = OY neon 
SS (ae etc.) 14 
n sin I ark west of star 
= log 12.67 = 1.10278 from above = Ig .82 
sc eutan 2) = 8.40969 Wark east of north 7 SOO) 
9.51247 
' Oss 


211. Here again the sign of the level correction as applied 
to the angle between the star and mark must be derived 
directly from the fact that the star appears to be farther west 


* 0.8554 = cosine 31° 12’ (natural), 
+ 0.8551 = cosine 31° 14’ (natural), 
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than it really is if the west end of the axis is too high, and 
vice Versa. 

212. The micrometer measures angles zx the plane defined 
by the telescope and tts horizontal axis. In Fig. 29 let Z be 
the zenith, s the star at the instant when a pointing is made 
upon it with the micrometer, and Zz the vertical circle 
described by the line of collimation of the telescope. Then 
sm, a great circle through s perpendicular to Zz, is the arc 
measured directly with the micrometer. In the right spheri- 
cal triangle smZ the side Zs is 90° — A, the complement of 
the altitude of the star, and from Napier’s rules 


SINS SINS COS Aa oly 3) Tienes aI) 


Or, writing the angles for the sines of sm and mZs, and solv- 
ing for mZs, 


iges ASHE SCC s gehen yh ce) Fe ote LO) 


mZs, the angle at the zenith, is the required angle between 
the vertical plane through the star and the vertical plane 
described by the line of collimation. 

The computation form shows how this factor, sec A, is 
most conveniently applied. To be absolutely exact, this 
factor should be applied to every pointing upon the star. 
But the computation as given is abundantly accurate, the 
factor being applied to the mean angle between the line of 
collimation and the star for each half-set. In fact, the com- 
putation will often be sufficiently exact, if the factor is applied 
to the mean value of this angle for the set. 

213. The use of the table given in § 308 is the most con- 
venient way of securing the required values of the altitude of 
the star, unless they are read approximately from the vertical 
circle during the observations. First compute the mean 
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hour-angle of the star and take out the corresponding altitude 
for use in deriving the level correction, then the other two 
angles may be derived by interpolating over the interval to 
the middle of each half-set with the rate of change of altitude 
taken from § 308. The altitude need only be known within. 
one minute, ordinarily. 

For any other star than Polaris, the table of § 308 not 
being available, one must either read the required altitude 
from the vertical circle of the instrument, if it has one, or else 
resort to the computation upon which the table of § 308 is. 
founded. 

The use of the factor sec A is not necessary with the 
pointings upon the mark, both because the line of collimation 
was purposely placed nearly upon the mark, and because 
sec A is very nearly unity for the small altitude of the mark. 

214. Inspection will show that there is nothing in this 
method of observing or computing which limits its use to the 
time near elongation. The micrometer may be used in this 
way and the azimuth computed as above with the star at any 
hour-angle, even at culmination. But if the star is not near 
elongation, its motion in azimuth is more rapid, it remains 
near the vertical plane of the mark a shorter time, and larger 
angles must be measured with the micrometer or else the 
series of observations made shorter. Errors in the time also 
have less effect the nearer the star is to elongation. 

If the azimuth mark is placed to the southward of the 
station, the program of observing and the computation are not 
materially modified. 


Micrometer Value. 


215. To determine the value of one turn of the microm- 
eter the observer may use a process similar to that used in 
determining the value of the zenith telescope micrometer. 
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That is, one may observe the times of transit of a close cir- 
cumpolar star near culmination across the micrometer line set 
at successive positions one turn apart (or one-half a turn), the 
instrument being rigidly clamped in azimuth. The correc- 
tions for curvature may be made by use of the same table, 
§ 306, as for the zenith telescope, but now using in the place 
of z the hour-angle of the star reckoned from the nearest 
culmination, and making the corrections to the observed 
times positive before culmination and negative after. The 
striding level may be read during the observations and a 
corresponding correction applied. 

The correction in seconds of time to be applied to each 
observed time to reduce it to what it would have been with 
the axis level is 


{(w + w!) — (+ e}o. sin a 


sina 
15 
; Ryd acini sec 6 
= }(w + w) ese) 60 ? (C80) 


for a level with a graduation numbered both ways from the 
middle and for upper culmination. For lower culmination the 
sign of the correction is reversed. The observer must depend 
upon his instrument to remain fixed in azimuth,—unless, fortu- 
nately, he has an azimuth mark so nearly in the meridian that he 
can occasionally take a pointing upon it, without unclamping 
the horizontal circle, during the progress of the observations, 
and so determine the twist of the instrument. 

216. Another convenient way of determining the microm- 
eter value, without doing any work at night, is to measure 
a small horizontal angle at the instrument between two 
terrestrial objects, both with the horizontal circle and the 
micrometer. If the two objects pointed upon are much above 
or below the instrument, the measured angle between them 
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may be reduced to the horizon for comparison with the circle 
measurement by use of the factor sec A, as indicated in § 212. 
As the micrometer value is depended upon to remain con- 
stant for the station the focus must be left undisturbed if 
possible after the micrometer value has been determined. 


Discussion of Errors. 


217. The external errors are those due to errors in the 
right ascension and declination of the star observed, to lateral 
refraction of the rays of light from the star or mark to the 
instrument, and to error in the assumed latitude of the station 
of observation. 

218. Errors of declination enter the computed azimuth 
with full value when the star is observed at elongation, and 
errors of right ascension enter with a maximum effect when 
it is observed at culmination. At intermediate positions both 
errors enter the computed result with partial values. The 
errors arising from this source are usually small as compared 
with the errors of observation, but are nearly constant if all 
the observations at a station are taken with the star at about 
the same position in its diurnal path, say near eastern elonga- 
tion. They may be eliminated to a considerable extent by 
observing the same star at various positions of its diurnal 
path, or by observing upon two or more different stars. 

219. When the computed results of a long series of accu- 
rate azimuth observations at a station are inspected it is 
usually found that they tend to group themselves by nights. 
That is, the results for any one night agree better with each 
other than do the results on different nights. They thus 
appear to indicate that some source of error exists which is 
constant during each night’s observations, but changes from 
night to night. For example, from 144 sets of micrometric 
observations of azimuth, made on 36 different nights, at 15 
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stations on the Mexican Boundary in 1892-93, it was found 
that the error peculiar to each night was represented by the 
probable error + 0.38, and the probable error of the result 
from a single set exclusive of this error was + 07.54. In 
other words, in this series of observations, the error peculiar 
to each night, which could not have been eliminated by 
increasing the number of observations, was two-thirds as 
large on an average as the error of observation in the result 
from a single set. 

The most plausible explanation seems to be that there is 
lateral refraction between the mark and the instrument, and 
that this lateral refraction is dependent on the peculiar atmos- 
pheric conditions of each night. But whether that explana- 
tion be true or not, the fact remains that an increase of 
accuracy in an azimuth determination at a given station may 
be attained much more readily by increasing the number of 
nights of observation than by increasing the number of sets 
on each night. 

220. The accuracy with which the latitude must be known 
when observing upon Polaris may be inferred from an inspec- 
tion of the table of § 310. It must be known with greater 
accuracy when a star farther from the pole is used. 

221. The observer's errors are his errors of pointing upon 
the mark and star, errors of pointing upon the circle gradua- 
tion if reading microscopes are used, errors of vernier reading 
if verniers are used, errors of reading the micrometer heads, 
errors in reading the striding level, and errors in estimating 
the times of bisection. 

There is such a large range of difference in the designs of 
the various instruments used for azimuth work that little can 
be stated in regard to the relative and absolute magnitude of 
these different errors that will be of general application. 
Each observer may investigate these various errors for himself 
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with his own instrument. In designing instruments the 
attempt is often made to so fix the relative power of the 
telescope and means of reading the horizontal circle that the 
errors arising from telescope pointings and circle readings 
shall be of the same order of magnitude. 

The effect of errors in time may be estimated by noting 
the rate at which the azimuth of the star was changing at the 
time it was being observed. The table of § 310 will serve 
this purpose for Polaris. Such errors are usually small, but 
not insensible except near elongation. 

222. Of the relative magnitude of the zuzstrumental errors 
arising from imperfect adjustment and imperfect construction 
little of general application can be said, because of the great 
variety of instruments used. With the more powerful instru- 
ments, however, it may be stated that the errors due to 
instability of the instrument become relatively great, and 
must be guarded against by careful manipulation and rapid 
observing. 

The errors due to the striding level become more serious 
the farther north is the station (see formula (g1)). If the 
level is not a good one, it may be advisable to take more level 
readings than have been suggested in the preceding programs 
of observation. With a very poor level, or at a station ina 
high latitude, it may be well to avoid placing any dependence 
upon the level by taking half of the observations upon the 
star’s image reflected from the free surface of mercury (an 
artificial horizon). The effect of inclination of the axis upon 
the circle reading will be the negative for the reflected star of 
what it is for the star seen directly. Considerable care will 
be necessary to protect the mercury from wind and from 
tremors transmitted to it through its support. 

223. The micrometric method treated in §§ 205-214 gives. 
a higher degree of accuracy than the other methods described, 
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if a good micrometer is available. It avoids several sources. 
of error, and the observations may be made so rapidly that 
the conditions are quite favorable for the elimination of errors. 
due to instability. The error, in the final result for a station, 
due to an error in the value of the micrometer screw may be 
made as small as desired by so placing the azimuth mark and 
so timing the observations that the sum of the angles meas- 
ured eastward from the mark to the star shall be nearly equal 
to the sum of the angles measured westward from the mark 
to the star. 


Other Instruments and Methods. 


224. An astronomical transit furnished with an eyepiece 
micrometer is especially well adapted to give results of a high 
degree of accuracy in determining azimuths by the micrometric 
method. 

225. If the transit has no micrometer, a secondary azimuth 
may be determined incidentally to time observations with 
little extra expenditure of time. Put an azimuth mark as 
nearly as possible in the meridian of the transit. At the 
beginning of each half-set of the time observations point upon 
the mark with the middle line of the reticle. If the mark is 
nearly in the horizon of the instrument, the collimation and 
azimuth errors of the transit as derived from each half-set, 
reduced to arc and combined by addition and subtraction 
with each other and with the equatorial interval of the middle 
line, give the azimuth of the mark. The azimuth of a certain 
mark was so determined from the time observations required 
for a determination of the longitude of a station at Anchorage 
Point, Chilkat Inlet, Alaska, in 1894. The computed 
azimuth of the mark from 38 nights of observation varied 
through a range of 12”.8. The probable error of a single 
determination was + 2”’.I. 
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226. The transit may also be made to furnish a good 
determination of azimuth by observations in the vertical of 
Polaris by the method already referred to in § 129. 

227. If the allowable error of a given azimuth determina- 
tion exceeds 2”, a convenient method is to observe upon 
Polaris at any hour-angle and use the table given in § 310 to 
compute its azimuth at the time of each observation.- The 
tabulated values * were computed by formula (98). The only 
correction to be applied to the value as taken from the table 
is that due to the difference between the apparent declination 
of Polaris at the time of observation and the value 88° 46’ 
with which the table was computed. This may be computed 
by use of the columns, given at the right-hand side of the 
table, headed ‘‘ Correction for 1’ increase in declination of 
Polaris,’ by assuming that the correction is proportional to 
the increase, and must be changed in sign if the declination 
is less than 88° 46’. The table may also be used as a con- 
venient rough check on computations made by formula (98). 

If a star which is not a close circumpolar, or the Sun, is 
observed for azimuth at a known hour-angle, its azimuth may 
be computed by formula (98) for each observation, or the 
observations may be treated in groups covering short intervals 
of time. But formula (103) will not apply, since certain 
approximations were made in its derivation which are only 
allowable when 6 is nearly go°. 

228. For rough determinations of azimuth in daylight, 
say within 30”, when the time is only approximately known, 
the Sun may be observed with a small theodolite, or with an 
engineer’s transit, as follows: Point upon the mark and réad 
the horizontal circle; point upon the Sun, making the hori- 
zontal line of the transit tangent to the upper limb and the 


* See Coast and Geodetic Survey Report, 1895, Appendix No. ro, forthe 
original of this and the following table. 
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vertical line tangent to the western limb; note the time, and 
read both horizontal and vertical circles; repeat this pointing 
upon the Sun twice more, noting the times and reading the 
circles; reverse the instrument 180° in azimuth and the tele- 
scope in altitude; again take three readings upon the Sun, 
but now make the horizontal line tangent to the lower limb 
and the vertical line tangent to the eastern limb; finally, point 
upon the mark again and read. 

To compute the azimuth of the Sun one may use the 
formula 


sin (s — #) sin (s — A) 
cos s cos (s — P) 


tas 2 


pane LE a) LO) 


in which zis the azimuth counted from the north, P is the 
Sun’s north polar distance (= 90° — 6), and s=3(@¢+ A 
+ P). 

If desired, the hour-angle of the Sun, and thence the 
chronometer error, may also be computed from the observa- 
tions by the formula 


cos s sin (s — A) 


sin (s — ¢)cos(s—P) ~*~ ° ig) 


tan 34 


These formule may readily be derived from the ordinary 
formule of spherical trigonometry as applied to the triangle 
defined by the Sun, the zenith, and the pole. 
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229. Observations of Sun for Azimuth. 


Niantilik, Cumberland Sound, British America, Sept. 18, 1896, P.M. 
Instrument—Theodolite Magnetometer No. 19. @ = 64° 53/.5. 
Chronometer correction on Greenwich Mean Time + 2™ 09'.8. 


= Horizontal Circle. Vertical Circle. 
so 
S g Time. 
Object. 5 2| Chronome- 
Sa ter, 1842. 
ea B.| Mean.| A. B. | Mean. 
O. 
| 
AVAzimuthprmatkcoemesctect nee) 53° 58’| 59’| 58/.5 
R 233 55 | 55 | 55-0 
WCET IS sSoqsce0 nooanoosos 53 56 .8 
Sun’s first and upper limb..| R. }75 39™ 208 |229 46] 44 | 45.0] 17° 17’| 18’ 17/.5 
40 40 230 05 | 03 04 .0 II 13 I2 .0 
AE (34 19 | 16 175 06 | 09 07 «5 
Sun’s second and lower limb] D. 42 58 5X 165) 37 Sas || gen SEY SH 33.0 
44 04 B35 533: 33 +0 39 39 39-0 
45 33 54 | 55 | 54-5 46| 47 46 «5 
IWIGETES Ginebodanenanoac66 7 42) 2r 5 50 48.4 | 16 46 .4 
Sun’s second and lower limb] D. |7 46 34 52 09 | a9] 09.0 |] 73 50] 51 50.5 
47 33 23 | 24 23-5 55 57 56 .o 
48 31 38 | 38 38 .0 | 74 02] 03 o2'.5 
Sun’s first and upper limb...) R. ie (oy 232 38 | 36 | 37.0 | 16 16) x7 16 .5 
52 05 52 | 50 5I .O II 13 12.0 
53 2 233 “12 | 06 Toles 03] 07 05 .O 
Means cccs meses AAOoOD rp ete) fsve GeM|| Gps 38.2: 26 O7 -4 
Azimuth marke... . c-cecee > R Peey || Gin Gckat 
D 53 58 | 58| 58.0 


IMeansradadsciiesie sass aie 53 56.8 
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Computation. 
First Half. Second Half. 
Chronometer time *...... SHcg Subd OO SoduoaKo 7® yo™ 27%.5) 72 4o™ 5t8.3 
Chronometer corr. on Greenwich Mean Time..| + 02 09.8} +02 09.8 
GreemwiChe Mea masitn crrtstqamitersie tare iterstole cls AAs ISIS 7 52 Oral 
Sun’s Apparent Declination, 6, interpolated 
CLOMPE pPhemenisjarec tere ene Ee 207.9 1° 26'.8 
ObservedTAltitudeis. wes ccyersrsieisioe ce oleae 16 46.4 16 07.4 
Goxrrectionmtotepatallax -mrmlote ler teiicietees SF Onl +0.1 
Correction totirefraction adj eciee — 3.1 —3.3 
CorrecteduAlltitude ) Ata. were erarcites TOWEAS 4 TOVRO4es 
XE OOS S2.O)h.00 550 6 Agents Aare 6 55 COSor SSaegarn 88 33.2 
WAtitudern en werccrte sire cne sans aniotereess 64 53.5 64 53.5 
MotAte)=s crane ecenche: sic) slarel Mousigterdsenre 85 05.0 84 45.4 
SSW Gago OO OUI CONS DGD O00 TO acOtos 2 OMe L Ltes Ig 51.9 
aay bys io LAO ro HA DO ADDO an. 68 21.6 OS Ae? 
ESF ts MeN nog ere tc slel so otelie onal see sliexeh cin chs sicyeteiel eres —— Bin 28.0 i Sages 
Tegoyes: Gyre (Gh== CO) eis io nite 3) SOLORE aids So bGone 9.53802 9.53124 
PEO SES ITN (Sa) Revel cferetarel levers ouekarteraioler sieve 9.96826 9.96923 
VOM MMMM CRALOtiepelleateleteeyereeteverctestetelelelste 9.50628 Q. 50047 
WWOSICOSHSeieratals cleyerc teeters ee Bri isicetecece 8.93301 8.96090 
POY CORKS IZ ooo oo candor dont ooduobads 9.99920 9.99904 
oo edenO Minato tarreqertrererstleleeicieicerrene 8.93221 8.95994 
1b Gf MANNE 0 ga doudenceSduGon dO DO oD one 0.57407 0.54053 
Log tan re TO HORO.0 ero mod cred abe Aon 0.28704 0.27026 
iz FOOT OA OATES AD OOS ADO BORO COO 62° 41.4 61° 46'.6 
Rola, TOON OLE OO GOOUC Goede 1A le) ols} ORS Bevis 
Horizontalacitele readSir.trciclesieiserereie eens 50 48.4 OW Bish ae 
EDrdesmeridiane read sia ceterisre tulekaraisreteroess 7) AOE BY 176. Le. 4 
JNAvomnonaal erty IKKE. oc o6 AodoobGO Cope 53 50.8 53 56.8 
WIE; WiCSIE OE MONA No cboananncesoounse onl] BRER ue lonl 122 14.6 


230. The derived value of the azimuth is more exact the 
farther the Sun is from the meridian, and becomes unreliable 
when the Sun is very near the meridian. These are the same 
conditions that limit the use of the solar transit. If, how- 
ever, the error of the timepiece has been determined earlier 
in the day by formula (119), or is determined later in the day, | 


* It is important to notice that the only way in which this observed 
chronometer time enters this computation is asa means of interpolating the 
declination from the Ephemeris. 
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or both, an observation at noon will give a good determina- 
tion of azimuth by computing the hour-angle from the 
observed times and then computing the azimuth from the 
formula 


cos (s + & — go’) 
sil (Se ee 


cot $2 = tan 47 (120) 


which may be derived readily from (118) and (119). 


QUESTIONS AND EXAMPLES. 


231. 1. In the azimuth computation of § 200 a correction 
is applied for diurnal aberration. Why is not a correction 
also applied for the aberration due to the motion of the 
Earth in its orbit ? 

2. Differentiate equation (98) with respect to ¢, and show 
in a general way the relative errors introduced, by a given 
error in @, into the computed azimuth from observations 
taken upon stars of various declinations observed at various 
hour-angles and at stations in various latitudes. Check 
your conclusions by inspection of the table in § 310. Also 
do the same with respect to errors of time. 

3. To what indeterminate form does formula (98) reduce 
for astar inthe zenith? Is that case in nature indetermi- 
nate ? 

4. What difficulties would you expect to encounter in 
determining the azimuth accurately at a station of which the 
latitude is nearly 90°, aside from those arising from the 
climate ? In considering this question remember that in most 
of the methods for determining the azimuth the determination 
of the error of a chronometer on local time is one of the 
necessary auxiliary observations. 
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5. What is the azimuth of the mark from the record given 
in § 203? 

6. What is the azimuth of the mark from the following 
record ? 


Station No. 14. February 11, 1893. 
Observations for azimuth of mark on Polaris near western elongation. 
Chronometer error = + 2" 29 47°.2. One division of level = 3'’.68. 


One turn of micrometer = 123’.73. Nia BO)? GN Oi Stee 
F Micrometer 
Cir. | Level Readings. A 
E Chronometer Ress 
or Time. 
Ww. Ww. E. On Star. |On Mark. 
@d d z z 
E. 72 6.3 | 8" 47™ 488.5 19.219 18.400 Longitude 
7-2 6.4 48 31.0 .189 -391 25 31m west 
——— 49 OL «5 170 -387 of | Wash- 
+14.4 | — 12.7 49 47.0 -146 +399 ington, 
E 50 20.0 .124 -393 
19.1696 18.3940 | Means. 
WwW 6.0 8.0 | 8 52 frog .0 17.790 18.470 
6.1 7-8 52 30.5 .800 -470 
—_—— 53) 045.5 .820 . 469 
Seas |e tats 53 57 +5 .852 +475 
Ww — 2.0|/=Sum 54 28.0 871 462 
17.8266 | 18.4692 | Means. 
a of Polaris = 1) 18™ 488.0, 6 of Polaris = 88° 44’ 33/’.4 


7. Prove formula (117) for the level correction to be made 
when determining the value of an eyepiece micrometer 
measuring angles in the plane of the telescope and its hori- 
zontal axis. 

8. Prove the statement of § 225, that under certain con- 
ditions the azimuth error, collimation error, and equatorial 
interval of the middle line of a transit when combined by 
simple addition and subtraction give the azimuth of the mark. 

g. What is the circle reading corresponding to the true 
north from the following record ? 


240 GEODETIC ASTRONOMY. § 231. 


Station—Capitol, East Park, Washington, D. C. 
Sun near prime vertical, August 15 A.M., 1856. Observer—C. A. S. 
Instrument—5-in. Magnetic Theodolite. Sidereal Chronometer. 


Horizontal Circle. Vertical Circle. 


Chronometer A B A B 
Time. 


Sun’s upper and first limb. Telescope D. 


55 20™ 44.08 | 28° 25’ 00''|208° 25’ 00”| 58° 29' 00"| 58° 29' 30” 
22 MOUS ae20 mS 7a on LOom SO rl ob mln5 Ould L450 5 Ome sO 
25 26.5 | 29 13 30 |209 14 00 | 57 36 00 | 57 35 45 

\ 


Sun’s lower and second limb. Telescope R. 


5227 so55" 12094 OL 30 204.00! 30 41857 1148.00 57/47. 300 
28 39.5 |209 12 45 | 29 12 15 | 57 34 30 | 57 34 15 
30 O1.0 |209 27 00 | 29 26 30 | 57 19 15 | 57 18 30 78° Fahr. 


@ = 38° 53 18” A= 5" 08™ o1*.o west of Greenwich. 
6 (at mean of the times) = 13° §5’ 16”. (Interpolated from Ephemeris.) 
10. If both are available, which should be used in formula 
(98)—the geodetic or the astronomical latitude ? 
11. Prove formule (118), (119), and (120). 
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GHAR TERAVIT. 
LONGITUDE. 


232. To determine the longitude of a station on the 
Earth’s surface, referred to the meridian of Greenwich, is to 
determine the angle between the two meridian planes passing 
through the station and Greenwich respectively. (See § 15.) 
This angle between the two meridian planes is the same as 
the difference of the local times* of the two stations, con- 
sidering 24" to represent 360°. (See § 21.) Hence to deter- 
mine the longitude of a station is to determine the difference 
between the local time of that station and the local time of 
Greenwich. In general the longitude of an unknown station 
is not referred to Greenwich directly, but to some station of 
which the longitude is already known. The astronomical 
determination of the longitude of a station consists, then, in 
a determination of the local time at each of two stations, the 
longitude of one which is known and of the other is to be 
determined, and the comparison of these two times. Their 
difference is the difference of longitude expressed in time. 
This may be reduced to arc by the relations 24" = 360°, 
Vga ev Sean ie i—3 15: 

233. The principal methods of determining differences of 


* The times may be ezther sidereal or mean solar. The vernal equinox 
apparently makes one complete revolution about the earth in 24 stdereal 
hours, and the mean Sun apparently makes one complete revolution in 24 
mean solar hours. 
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longitude are by the use of the telegraph, by transportation 
of chronometers, by observations of the Moon’s place, and 
by observations of eclipses of Jupiter's satellites. The 
methods of making the necessary determinations of the local 
time in each of these methods need not be considered here, 
as they have already been exploited in Chapters III and IV. 
We need here consider only the methods by which some 
signal is transmitted between the stations to serve for the 
comparison of the times. 


The Observing Program and Apparatus of the Telegraphic 
Method. 


234. The telegraphic method has been used very exten- 
sively in this country by the Coast and Geodetic Survey, and 
during the fifty years of its use has been gradually modified. 
The method and apparatus at present used will be here 
described. 

The nightly program at each station is to observe two sets 
of ten stars each for time with a transit of the type shown in 
Fig. 10. Each half-set consists in general of four stars 
having a mean azimuth factor A (see § 299) nearly equal to 
o, and one slow star (of large declination) observed above 
the pole. Two such half-sets, with a reversal of the telescope 
in the Ys between them, give a strong determination of the 
time. The same sets of stars are by previous agreement 
observed at each station. Between the two time sets, or 
rather at about the middle of the night’s observations, certain 
arbitrary signals are exchanged by telegraph between the two 
stations, which serve to compare the two chronometers, and 
therefore to compare the two local times which have been 
determined from the star observations. 

235. Fig. 30 shows the arrangement of the electrical 
apparatus at each station during the intervals when no arbi- 
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trary signals are being sent or received, and each observer is 
busy taking his time observations. In the local circuit, which 
is now entirely independent of the Western Union lines, are 
placed the break-circuit chronometer * (or clock), battery, 
chronograph, and the break-circuit observing keys. All the 
time observations are recorded on the chronograph. Mean- 
while the telegraph operator has at his disposal the usual 
telegrapher’s apparatus upon the main line connecting the two 
stations, namely, his key, and the sounder relay which con- 
trols the sounder in a second local circuit. The operator, a 
few minutes before the time for exchange of signals, secures 
a clear line between stations, ascertains whether the observa- 
tions at the other station are proceeding successfully, and 
finally an agreement is telegraphed between the two observers 
as to the exact epoch at which the exchange of signals will be - 
made. 

236. When that epoch arrives, time observations are 
stopped at each station, and by suitable switches the electrical 
apparatus at each station is arranged as shown in Fig. 31. 
The only change is that now a relay, called a signal relay, is 
used to connect each local chronograph circuit with the main 
line in such a way that the local circuit will be broken every 
time the main circuit is broken, in addition to the regular 
breaks made in it by the local chronometer. The observer 
at station 4 now takes the telegrapher’s key (in the main cir- 
cuit), and sends a series of arbitrary break-circuit signals over 
the main line by holding the key down except when a dot is 
sent by releasing the key for an instant—the reverse of the 
ordinary usage of the telegrapher. He listens to his own 
chronograph, and sends a signal once in each two-second 
interval at such an instant as will not conflict with his own 


* Or the chronometer may be placed in a separate local circuit, breaking 
this one through a relay. 
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chronograph record. Each signal is transmitted by the 
signal relay at station 4A to that local circuit, and its time of 
receipt recorded automatically by the chronograph. At the 
same instant, except for the time required for the electrical 
wave to be transmitted over the main line between stations, 
the signal relay at station & transmits the signal to the local 
circuit and chronograph there. If these signals coincide with 
the clock breaks on the chronograph at 4 at any time, the 
observer at B breaks into the main circuit with his teleg- 
rapher’s key, and produces a rattle at A’s sounder which 
informs him that he must change his signals a fraction of a 
second to another part of the intervals given him by his 
chronograph beat. Thirty signals are sent from station 4 at 
intervals of about two seconds. The observer at A then 
closes his key and the observer at B proceeds to send thirty 
similar signals from B to A.* The Western Union line is 
then released, the apparatus at each station is again arranged 
as shown in Fig. 30, and each observer proceeds to finish his 
time observations. 

For a first-class determination this program is carried out 
for five nights at each station; the observers then change 
places (to eliminate the effect of personal equation), the 
instrumental equipment of each station being left undisturbed; 
and the same program is again followed for five nights. 


Example of Computation. 


237. A determination of the difference of longitude of 
Cambridge, Mass., and of Ithaca, N. Y., was made May 16- 
June 3, 1896. The following is a portion of the field com- 
putation: 


* Thirty signals at two-second intervals keep each chronometer in use 
timing signals for just one revolution (1™) of the toothed wheel which 
breaks the circuit in the chronometer, and thus any errors in the spacing on 
that wheel are eliminated from the final result. 


/ 
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Arbitrary Signals, May 27, 1896. 


From Ithaca to Cambridge. 


Cambridge Record. 


Ithaca Record, 


From Cambfidge to Ithaca. 


Cambridge Record. 


245 


Ithaca Record. 


145 16™ 46.34 


ORES SB aTOu5 2 


Eqh 17 565.55 
8 


g® 39™ 29°.63 


48 .39 QI .54 58.51 3EeOr 
50 .32 | ; 23.50 00 .56 Ben0S 
52.48 25 .63 02 .50 35 -57 
42.41 15 .45 50 .37 23.31 
44 .31 17 .30 52.40 25 36 
46 .35 1g .36 54.44 27 .39 
48 .52 21.52 56 .45 29 -39 
TA ely Aad gh 38™ 508.532) 14" 18™ 26.426 g" 39™ 59%.440 
— 25.702 — 07 57.107 — 25.700 — 07 57.109 
9 30 53.425 9 32 02.331 
I 33-783 I 33-971 
4 22 59.370 4 22 59.370 
TALON ee 7 39 lptoe 5 26.578 14 18 00.726 T 3 e5OMes 5 O72 


Difference 21™ 25°. 161 Difference 21™ 25°.054 


The heading shows which way the signals were sent over 
the main line, and the four columns give the times of the 
signals as read directly from the chronograph sheets at the 
stations indicated. There were 31 or 32 signals in each series, 
of which only a portion are here printed. The means are 
A mean-time clock 
was used in the chronograph circuit at Ithaca, and a sidereal 
chronometer at Cambridge. 

238. The first time set of the evening at Cambridge gave 
for the chronometer correction, on local sidereal time, at the 
mean epoch of the set, when the chronometer read 13 30752; 
— 25°.787. The second set gave the chronometer correction 
= — 25°.677 at the epoch when the chronometer read 14° 
31.3. By taking the means of the epochs and corrections, 


given for the whole series in each case. 
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on the assumption that the chronometer rate was constant 
during this interval, it was found that the correction was 
— 25°.732 at the chronometer reading 14" 007.7. Also from 
the differences of epochs and corrections it was found that the 
rate of the chronometer during this interval was 0°.00180 per 
minute. Applying this rate for the interval (14 17.3 — 14> 
Oo..7) to the valiies—— 25*)732 of (the correction, -theremis 
obtained for the chronometer correction at the mean epoch 
of the signals sent from Ithaca to Cambridge — 25*.702. 
Similarly, from the time observations at Ithaca it was found 
that when the clock read 9* 38".8 its correction was — 7™ 
57°.107 (on local mean solar time). The computation * shows 
how the mean epoch of the signals was derived in Cambridge 
sidereal time (14" 16™ 51°.739), and in Ithaca sidereal time 
(13° 55" 26°.578)1. lhe difference of these twor2 1" 25*-101 
is the difference of longitude of the stations, affected by the 
transmission time of the electric wave, and by the relative 
personal equation of the two observers. 

239. The longitude difference as computed from the other 
set of signals shown in the computation is evidently affected 
in the reverse way by the transmission time. Hence the 
mean of the two derived values, namely, $(21™ 25°.161 + 21™ 
25°.054) = 21™ 25°.108, is the longitude difference unaffected 
by transmission time, provided such time remained constant 
during the two minutes of the exchange. Also, the transmis- 
sion time t: itself. is (217% 25°,161 — 21 267.054). = 0.054. 


* This computation would be simplified in an obvious manner if sidereal 
timepieces had been used at both stations. 

+ 4> 22™ 598.370 is the sidereal time of mean moon at Ithaca May 27, 
1896. 

+t The mean value of the transmission time on nine nights over this line 
was 0.070, and the separate values varied from 0°.054 to 0°.084. The tele- 
graph line from Ithaca to Cambridge, by way of Syracuse, New York, and 
Boston, was 592 miles long, and passed through one repeater (at New York). 
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An inspection of Fig. 31 will show that this is merely the 
transmission time defween the two signal relays, and does not 
include the transmission time through the relays and the 
chronograph circuit, as this part of the transmission is always 
in one direction, no matter where the signal starts from in the 
main circuit. 

240. In the regular program of observation * five values 
of the longitude would thus be obtained, and then five more 
similar results after the observers exchanged places. From 
these two means the effect of relative personal equation would 
then have been eliminated by computation, as shown in the 
portion of a field computation given below. 


DIFFERENCE OF LONGITUDE. 


Albany, N. Y., west of Montreal. 


Observer ; Pee , 
at Longitude | Longitude Mean of Sonal Difference 
Date, 1896. Difference. | Difference.| A--M | A andM | pon of 
A Signals. | M Signals. Signals. ae Longitude. 
A M ¥ 
Sept. 16 F Ss o™ 418,050 | o™ 418.006 | 0.044 o™ 418.028 | + 0.268] o™ 41°.296 
SOE SO. 5 F S) 41 .086 41.047 | 0.039 41 .066 4 .334 
pea 2A F Ss 41 .036 40 .998 | 0.038 41 .O17 41 .285 
een 28 te F S 41 .022 40 .987 | 0.035 4 .005 41 .273 
Octrouencdtee F Ss AI .052 41.016 | 0.036 41 .034 41 .302 
Means =| 0.038 © 41 .030 
Oct. 10. Ss F © 41.525 | Oo 41.491 | 0.034 © 41.508 | — 0,268 41 .240 
Sex crate S F 41 .569 41 «538 | 0.031 ALRosS 41 .285 
ee SOc: S F 41 .617 41 .580 0.037 41 .598 41 .330 
CES See S F 41 .639 41.599 | 0.040 41 .619 41 .351 
Somme ZO anveyals S F 41 .578 4I .526 | 0.052 41 .552 41 .284 
Means =| 0.039 oO 41.566 © 41.298 


Transmission time = $(0%.038) = o8.o19g. 
Relative personal equation, S — F = }(41.566 — 41.030) = + 09.268. 
Difference of longitude, A — M = o} o0™ 418.298. 


* The regular program was not carried out at this station,—hence the 
following illustration is taken from another source. 
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Discussion of Errors. 


241. From the final computed result there has thus been 
eliminated the average relative personal equation during the 
series of observations, and the average value of the transmis- 
sion time during the short interval covered by the exchange 
of signals on each evening. The errors of the adopted right 
ascensions are also eliminated from the result, because the 
same stars have been observed at doth stations.* 

242. The final computed result is subject to the following 
errors: Ist, that arising from the accidental errors of observa- 
tions of 200 stars at each station, which must be quite small 
after the elimination due to 400 repetitions; 2d, that arising 
from the variation of the relative personal equation of the two 
observers from night to night, of which the magnitude may 
be estimated from the following paragraphs; 3d, that due to 
lateral refraction, to which reference will be made in § 245; 
Ath, that due to variations in the rates of the chronometers 
during the period covered by the observations, which must 
usually be quite small, as the chronometers are not disturbed 
in any way during the observations and are protected as far 
as possible against changes of temperature; 5th, that arising 
from the variation of the transmission time, between the two 
halves of the exchange of signals, on each night, which is 
probably insensible, as this interval is usually only a minute; 
6th, the difference of transmission time through the two 
signal relays, since this difference always enters with the same 
sign, as may be seen by an inspection of Fig. 31. This last 
error is made very small by using specially designed relays 
which act very quickly, by adjusting the two relays to be as 


* Where the difference of longitude is very large, the observers may be 
forced to use different star lists to avoid depending upon their chronometer 
rates for too long an interval. 
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nearly alike as possible, by controlling the strength of the 
current passing through the relay so that it shall always be 
nearly the same, and by exchanging relays when the observers 
change places, or by a combination of these methods.* 


Personal Equation. 


243. The extent to which the relative personal equation 
may be expected to vary may be estimated from the follow- 
ing statement of the experience of two observers who have 
made the major portion of the primary longitude determina- 
tions of the Coast and Geodetic Survey during the period 
indicated. The plus sign indicates that Mr. Sinclair observes 
later than Mr. Putnam. 


PERSONAL EQUATION BETWEEN C. H. SINCLAIR AND G. R. 
PUTNAM, ASSISTANTS C. AND G. SURVEY, RESULTING 
FROM OR CONNECTED WITH THE TELEGRAPHIC LONGI- 
TUDE WORK OF THE SURVEY.t 


By direct comparison at Washington, D. C., 1890, Sept. 

Is Wey UO)\oG-c0 GOOG © oRi0's HAGHOh.H TOO GocG CMObUdHO OCannn S— P= + 08.266 
By direct comparison at St. Louis, Mo., 1890, Nov. 4, 15 + 0 .278 
From interchange of observers during. longitude determinations, after oxe- 

half of the work was completed, generally from q or 5 days’ results: 

Cape May, N. J., and Albany, N. Y., 1891, 


Nei ayn! [tise dashoccos ohh ou odeconecucce S—P=-+ 08.184 + 0%.0rL 
Detroit, Mich., and Albany, N. Y., 1891, June 

ANG! JUIN Vo o6 pa ened ood Sonat So ncddou sOg0 OK + 0.140 + 0 .008 
Chicago, Ill., and Detroit, Mich., 1891, July. + 0.172 + 0.006 
Minneapolis, Minn., and Chicago, IIl., 1891, 

PAT Seer ceved oi) fe) ote lelatol ef elesstaici-l-taiel-fele «lore «taralol~\wl= + 0.161 + 0.010 
Omaha, Neb.,and Minneapolis, Minn., 1891, 

/Mikec, Qinol SoiicsoosGngad oosdounoduE ne ot0 + 0.146 + 0.o1r 
Los Angeles,Cal., and San Diego, Cal., 1892, 

IvSinS euniel INNS oko ooGsc ooo Sd006 ond Codon + 0.160 + 0.006 


* See Coast and Geodetic Survey Report, 1880, p. 241. 
+ For these data the author is indebted to the Superintendent of the 
Coast and Geodetic Survey. 
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San Diego,Cal., and Yuma, Ariz., 1892, March + 0.192 + 0 .004 
Los Angeles, Cal.,and Yuma, Ariz., 1892, 

WEN mG AU sopocadaoooboeanodondo de + 0.140 + 0.002 
Yuma, Ariz., and Nogales, Ariz., 1892, April + 0.150 + 0.005 
Nogales, Atriz.; and) El Paso, Lex. 1892, 

April and May......4.....--....+ eee ee. + 0.126 + 0 .004 
Helena, Mont., and Yellow Stone Lake, 

Wiy0u,, L892.) ume anid itil yin srs cise elerees ++ 0.109 + 0 .oI0 
El Paso, Tex., and Little Rock, Ark., 1893, 

a On ebeel WEES 0 nocc Choe 6d de bomen DO do + 0.082 + 0 .or0 


The following values depend on unrevised field com- 
putation: 


Key West, Fla., and Charleston, S. C., 1896, 


IMSS ANNGl WERT tis wooo Gdn osonbenogoonanoous One SS JP SS 5 = OF sly) 
Atlanta, Ga., and Key West, Fla., 1896, March. . +0.121 
Little Rock, Ark., and Atlanta, Ga., 1896, April. + 0.130 
Charleston, S. C., and Washington, D. C., 1896, 

ANornill ayivel WENT on abo ooo oo Se nocd oo edBoubon buce =O) cit) 
Washington, D. C., and Cambridge, Mass., 1896, 

MER? EENGh |ilhitesnoosoccoouenccoscecsuenuooonoc + 0.142 + 0°.013 


Washington, D. C., Naval Observatory and 
Washington, D. C., Coast and Geodetic Survey 
Office, 1896, June and July.....-.-...- 2.00. -- O .I17 + 0 .008 


Note that the period covered by this record is nearly six 
years, and that the localities show that the observers were 
surely submitted to a great variety of climatic conditions. 
Yet if the first two determinations, made when Mr. Putnam 
was comparatively new to the work, be omitted, the total 
range of-the results is only o%.110. It must be remembered, 
however, that each of these results, except the first two, 
depend upon from eight to ten nights of observation, four or 
five nights each before and after the interchange of observers. 
It is quite probable that the actual variation of the relative 
personal equation from night to night is somewhat greater 
than that shown above. 
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244. The absolute personal equation is the time interval 
required for the nerves and portions of the brain concerned in 
an observation to perform their offices. Although the per- 
’ sonal equation has been studied by many, little more can be 
confidently said in regard to the laws which govern its magni- 
tude than that it is a function of the observer’s personality, 
that it tends to become constant with experience, and that 
probably whatever affects the observer’s physical and mental 
condition affects its value. But so little is known in regard 
to it, that no observer will predict, before the observations of 
a night have been computed, that his personal equation was 
large or small on that particular night. 

Discussion of Errors. 

245. Returning to a consideration of the errors of the 
telegraphic longitudes, it may be said that the ten results for 
a station, after eliminating the personal equation, still show a 
range, ordinarily, in primary work, of from 0%.10 or less, to 
o*.20. This range is larger than is to be accounted for by the 
accidental errors of observation, or by any of the other errors 
enumerated in § 242, except perhaps those of the second and 
third classes. Those most familiar with the observations are 
apt to account for the large range as arising either from varia- 
tion in the personal equation or from lateral refraction. One 
observer of long experience is inclined to suspect the striding 
level of giving errors which tend to be constant for the night. 
To whatever these errors may be due, they seem to be fairly 
well eliminated from the mean for the station. For in the 
creat network of longitude determinations, made by the Coast 
and Geodetic Survey, covering the whole United States, the 
discrepancies arising in closing the various “‘ longitude tri- 
angles’’ are always less than o%.10.* 


* For a good example of a check showing the degree of accuracy of this 
network see Coast and Geodetic Survey Report, 1894, p. 85. 
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Personal Equation. 


246. If, in making a longitude determination circum- 
stances prevent the interchange of observers, the effect of the 
relative personal equation upon the computed longitude may 
still be eliminated, in part at least, by a special determination 
of the equation by joint observations at a common station. 
The two observers may place their instruments side by side 
in the same observatory, observe the same stars, and record 
their observations upon the same chronograph. The differ- 
ence of the two chronometer corrections computed by them, 
corrected for the minute longitude difference corresponding 
to the measured distance between their instruments, is then 
their relative personal equation. Or, they may observe with 
the same transit as follows: On the first star A observes the 
transits over the lines of the first half of the reticle, and then 
quickly gives place to B, who observes the transits across the 
remaining lines. On the second star B observes on the first 
half of the reticle, and A follows. After observing a series 
of stars thus, each leading alternately, each observer com- 
putes for each star, from the known equatorial intervals of the 
lines and from his own observations, the time of transit of 
the star across the mean line of the whole reticle. The 
difference of the two deduced times of transit across the mean 
line is the relative personal equation. If each has led the 
same number of times in observing, the mean result is inde- 
pendent of any error in the assumed equatorial intervals of 
the lines. No readings of the striding level need be taken, 
and the result is less affected by the instability of the instru- 
ment than in the other method. 

247. In certain cases in which it is not feasible to use a 
telegraph line for a longitude determination, the same prin- 
ciples may be used with the substitution of a flash of light 
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between stations in the place of the electric wave. For 
example, one might so determine the longitudes of the 
Aleutian Islands of Alaska, the successive islands being in 
general intervisible. 


Longitude by Chronometers—Equipment. 


248. If a telegraph line is not available between the two 
stations, the next method in order of accuracy, aside from 
the flash method alluded to above, is that of transporting 
chronometers back and forth between them. The transported 
chronometers then perform the same duty as the telegraph, 
namely, that of comparing the local times of the two stations. 

The chronometric method may perhaps be best explained 
by giving a concrete example. The longitude of a station at 
Anchorage Point, Chilkat Inlet, Alaska, was determined in 
1894, by transportation of chronometers between that station 
and Sitka, Alaska, of which the longitude was known. At 
Anchorage Point observations were taken on every possible 
night from May 15th to August 12th, namely, in 53 nights, 
by the eye and ear method, with a transit of the type shown 
in Fig. 11, using as a hack for the observations chronometer 
Bond 380 (sidereal). At the station there were also four 
other chronometers, two sidereal and two mean. These four 
were never removed during the season from the padded 
double-walled box in which they were kept for protection 
against sudden changes of temperature, and in which the hack 
chronometer was also kept when not in use. The instru- 
mental equipment at Sitka was similar. A sidereal chro- 
nometer was used as an observing hack, and two other 
chronometers, one sidereal and one mean, were used in 
addition. Nine chronometers, eight keeping mean time and 
one sidereal time, were carried back and forth between the 
stations on the steamer Hassler. 
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Longitude by Chronometers—Observations. 


249. Aside from the time observations the procedure was 
as follows: Just before beginning the time observations at 
Anchorage Point and again as soon as they were finished, on 
each night, the hack chronometer No. 380 (sidereal) was 
compared with the two mean time chronometers by the 
method of coincidence of beats, to be described later (§ 250). 
These two were then each compared with each of the two 
remaining (sidereal) chronometers at the station. These com- 
parisons, together with the transit observations, served to 
determine the error of each chronometer on local time at the 
epoch of the transit observations.* Whenever the steamer 
first arrived at the station, and again when it was about to 
leave, the hack chronometer No. 380 was compared with the 
other station chronometers as indicated above, was carried on 
board the steamer and compared with the nine steamer 
chronometers, and then immediately returned to the station 
and again compared with the four stationary station chro- 
nometers. As an extra precaution both the station observer 
and the observer in charge of the steamer chronometer made 
each of these comparisons. In the comparisons on the 
steamer, the hack (380) was compared by coincidence of beats 
with each of the eight mean time chronometers, and the 
remaining (sidereal) chronometer was then compared with 
some of the eight. The comparisons on shore before and 
after the trip to the steamer served to determine the error of 
the hack (380) at the epoch of the steamer comparisons. 
The steamer comparisons determined the errors of each of the 


* The station chronometers were also intercompared on days when no 
observations were made. But this was merely done to ascertain their per. 
formance, and these comparisons were not used in computing the longi- 
tude. 
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steamer chronometers on Anchorage Point time. Similar 
observations were made at Sitka to determine the errors of 
the nine steamer chronometers on Sitka time as soon as they 
arrived, and again just before they departed from Sitka. 
During the season the steamer, which was also on other duty, 
made seven and a half round trips between the stations. The 
distance travelled was about 400 statute miles for each round 
trip. 

250. The process of comparing a sidereal and a mean 
time chronometer is analogous to that of reading a vernier. 
The sidereal chronometer gains gradually on the mean time 
chronometer, and once in about three minutes the two chro- 
nometers tick exactly together (one beat = 0%.5). Just as one 
looks along a vernier to find a coincidence, so here one listens 
to this audible vernier and waits for a coincidence. As in 
reading a vernier one should also look at lines on each side 
of the supposed coincidence to check, and perhaps correct, 
the reading by observing the symmetry of adjacent lines, so 
here one listens for an approaching coincidence, hears the 
ticks nearly together, apparently hears them exactly together 
for a few seconds, and then hears them begin to separate, and 
notes the real coincidence as being at the instant of symmetry. 
The time of the coincidence is noted by the face of one of the 
chronometers. Just before or just after the observation of 
the coincidence the difference of the seconds readings of the 
two chronometers is noted to the nearest half-second (either 
mentally or on paper). This difference serves to give the 
seconds reading of the second chronometer. The hours and 
minutes are observed directly. When a number of chronom- 
eters are to be intercompared, the experienced observer is 
able to pick out from among them two that are about to 
coincide; he compares those; selects two more that are about 
to coincide and compares them, and so on; and thus to a 
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certain extent avoids the waits—of a minute and a half on 
an average—which would otherwise be necessary to secure 
an observation on a pair of chronometers selected arbitrarily. 


Computation of a Longitude by Chronometers. 


251. The following example (taken from another set of 
observations) will show how the chronometer comparisons are 
computed. A certain Dent mean time chronometer was 
compared with a certain Negus sidereal chronometer on Oct. 
14, 1892, at a station 2" 12™ west of Washington. It was 
found that P1* 20" 23°0 AiM. Dent — "12 42 41°-0 Negus: 
The correction to the Dent on local mean time was known 
to be — 2” 11™ 538.41, and the correction of the Negus to 
local sidereal time was required. 


(Dime yeDentcnTOnOmeten reverie cielelelsleletarsiete 2300202238500 
Correction to Dent....... LAGnOACOsSoNbO CoaUHHDT ee Ele Sore ar 
Local mean Solar time....-..2.-.ssecereccoseres 2I 08 29.59 
Reduction to sidereal interval (§ 290)........-... +03 28.38 
Sidereal interval from preceding mean noon..... Pt 3h AS ACY) 

i time of preceding mean noon (Oct. 13).. LG eS teelAGO5 
Wocalesidenealeeim emteretlekiteretedersteteletelckelestetsletietele TO AS E202 
Time by Negus chronometer.......-..+.s.0+0-- I2 54 41.0¢ 
Correction to Negus chronometer.... ......-.... — 2s Teo us S 


The computation is modified in an obvious manner if it is 
the error of the sidereal chronometer that is known. 

252. This process of comparing chronometers is so accu- 
rate, that it was found that the two values of the error of 
either of the station sidereal chronometers, as derived from 
the comparisons described above in two different ways from 
the hack chronometer, seldom differed by more than 0°.03. 
This corresponds to an error of I1I* in noting the time of 
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coincidence of beats, on the supposition that all the error was 
made in one of the four comparisons concerned. If two 
chronometers of the same kind, both sidereal or both mean 
time, are compared directly it requires very careful observing 
to secure their difference within o%.10 of the truth. 

253. The comparisons of the other four station chrono- 
meters with the hack chronometer immediately before and 
after transit observations gave the errors of each of those four 
chronometers. To compute the errors of the steamer chro- 
nometers at the time of the comparisons made on the steamer, 
it is first necessary to secure as good a determination as possi- 
ble of the error of the hack chronometer at the epoch of those 
comparisons. One value for that error was obtained in an 
obvious manner by assuming that the hack chronometer ran 
at a uniform rate between the last preceding and the next 
following transit observations. Four other determinations of 
the error of the hack at that epoch were obtained, by making 
that same assumption for each of the other four station 
chronometers, and deriving the error of the hack from the 
comparisons made with that chronometer at the station before 
and after the steamer comparisons. The weighted mean of 
these five values of the error of the hack was used. For the 
method of deriving the relative weights which were assigned 
to these five results see § 260. At Anchorage Point 13 
comparisons were made with the steamer chronometers. In 
six cases out of the thirteen the range of the five derived 
values of the error of the hack was less than 0*.2. 

254. Having now the errors of the steamer chronometers 
on the local time of each station at the time of arrival at and 
departure from each station, the difference of longitude was 
computed in the manner indicated by the following illustra- 
tion. Suppose chronometer No. 231 to have been found to 
have the following errors on a certain round trip: 
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Anchorage Point, at departure, May 15, 9g® oo™ A.M. 40° fast of A. P. time. 


Sitka eomea rivia laces eleter heres WEI AS), OY ole). Roe ae SO Shiaiga, 9 
Sitka, at departure............ Wiave22 GOO WAN. 4 ae aE OE Kom 
Anchorage: Pointe cetera MiaVR2 3% a0) OO Ale Mi 2 mcs munca Acts eo 


From the two Anchorage Point observations it appears 
that the chronometer has lost 8° in the eight days it was gone 
from there. From the two Sitka observations it appears that 
7° were lost while at Sitka. Hence the chronometer lost 15 
only while travelling both ways between the stations, or its 
travelling rate was o*.5 per day, losing. Applying this rate 
to the errors as determined at Anchorage Point, we find that 
the errors of the chronometer on Anchorage Point time at the 
epochs of the Sitka steamer comparisons were 39°.5 fast and 
32°.5 fast, and that the difference of longitude required is 
20.58 11.0 — 32"5 — 47.025" .15, th. ok a WESL: Of On We 
have thus derived the longitude difference on the supposition 
that the steamer chronometers have a travelling rate which is 
constant during the round trip, and without any assumptions 
as to the rates while in port. The assumptions as to the 
station chronometers have been simply that each preserves a 
constant rate between successive transit observations. 

255. The longitude was thus computed from each round 
trip starting from Anchorage Point, and the mean taken. If 
the chronometers had continually accelerated (or retarded) 
rates, this mean was subject to an error arising from that fact. 
To eliminate such a possible error, and to serve as a check 
upon the computation, a second computation was made from 
each round trip starting from Sitka, and the mean taken. 
The error from acceleration (or retardation) of rates was 
necessarily of opposite sign in this mean. The mean of these 
two results is then subject only to accidental errors, in so far 
as the chronometers are concerned. 

256. The following table shows the separate results 
obtained and the manner of combining them: 
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DIFFERENCE OF LONGITUDE, IN SECONDS, BETWEEN SITKA 
AND ANCHORAGE POINT, CHILKAT INLET, ALASKA. 


SUMMARY OF RESULTS FROM SEVEN ROUND TRIPS, STARTING FROM 
ANCHORAGE POINT, CHILKAT INLET. 


Chronometers, 
M. T. or Sid. 


M. T. 231 
1507 

I510 

196 

1542 

1728 

208 

2167 

Sid. 387 


Mean 
Weighted mean 
Weight. 


yst 


24 38 4mm sth 6th 7th Meaus: Weights. 
26.36 28.36 28.19 28.45 28.19 28.18 27.97 3 
29.06 29.18 28.26 28.27 28.20 28.54 28.56 4 
29.25 29.00 28.52 28.63 28.06 28.58 28.66 7 
29.09 29.54 28.59 28.43 28.51 28.92 28.81 ey 
28.11 28.66 28.23 28.47 28.38 28.37 28.33 22 
28.94 29.16 28.63 28.58 28.43 28.59 28.71 6 
27.40 28.21 28.19 28.42 28.42 28.09 28.10 6 
28.56 28.90 28.55 28.68 28.27 28.64 28.54 17 
28.44 28.91 27.93 28.4% 27.93 28.59 28.34 6 
28.36 28.88 28.34 28.48 28.27 28.50 28.45 
28.38 28.82 28.35 28.52 28.28 28.49 28.44 

I 2 2 2 pA 2 


SUMMARY OF 


Weighted mean of 


om 


288.44 + 08.05 


RESULTS FROM SEVEN ROUND TRIPS, STARTING FROM SITKA. 


Chronometers, 
M. TS or Sid. 


Mat. 231 
1507 

I510 

196 

1542 

1728 

208 

2167 

Sid. 387 


Mean 
Weighted mean 
Weight 


yst od 34 4th sit 6th 7th arenas: Weights. 
28.97 28.78 28.74 28.39 28.37 28.74 28.11 28.57 3 
27.69 29.08 29.1t 27.76 28.78 27.93 28.64 28.43 4 
28.37 28.88 28.82 27.9t 28.83 28.10 28.58 28.50 7 
28.59 29.07 28.95 27.66 28.03 29.56 29.20 28.72 3 
28.93 28.57 28.59 28.22 28.50 28.50 28.32 28.52 22 
27-59 28.90 28.75 27.99 29.01 28.09 28.75 28.44 6 
27-71 28.03 28.52 28.58 27.88 28.76 27.65 28.16 6 
28.24 28.71 28.80 28.27 28.77 28.31 28.49 28.51 17 
28.68 28.80 28.43 27.69 28.97 27.98 28.73 28.47 6 
28.30 28.76 28.75 28.05 28.57 28.44 28.50 28.48 
28.4t 28.69 28.70 28.13 28.61 28.38 28.44 | 28.48 

I 2 2 2 2 2 2 

Weighted mean of o™ 288.48 + 08.05 


Final mean AA 
Longitude of Sitka, 
Longitude of Anchorage Point 
or 


+ of oo™ 288.46 + 08.05 
g or 2t 48 + 0.13 


9 OF 49.94 £0.14 
135° 27’ 29//.10 + 2/,10 


257. The steamer started from Anchorage Point at the 
beginning of the season, and finished at Sitka at the season’s 


end, after 74 round trips. 


The last half-trip was omitted in 
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the first part of the above computation, and the first half-trip 
omitted in the second part. If there had been simply seven 
round trips starting from Anchorage Point the procedure 
would have been to deal regularly with all trips in the first 
half of the computation; and in the last half in addition to 
the six regular round trips starting from Sitka, the last half- 
trip (S. to A. P.) and the first half-trip (A. P. to S.). would 
have been used together as a seventh round trip from Sitka. 

258. Let WV be the number of days during which the 
chronometers were depended upon to carry the time during 
each round trip, reckoned as follows: Add together the two 
intervals between comparisons of the steamer chronometers 
with the shore chronometer at the beginning and at the end 
of each half-trip, and increase this by adding the interval 
from each comparison of the observing chronometer and 
steamer chronometers to the zeares¢ transit observations made 
at that station. The weight assigned to each trip in the 
above computation is proportional to 1//V. 

259. What relative weights shall be assigned to the results 
from the different chronometers? Some evidently run at 
a more nearly constantirate than others, slet 4x7 07. nea 
be the separate values of the longitude as given by any one 
chronometer, and 4, their. mean, and let z be the number of 
such values, or the number of trips. Then by least squares 
the probable error of any one value is 
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By the rule that the weight of a result is inversely propor- 
tional to the square of its probable error, the relative weights 
to be assigned to the chronometers are proportional to 

n— 1 
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The factor 0.455 is dropped for simplicity since we are deal- 
ing with relative weights only. In the above computation 
the sum [(/, — 4,)’ + 4—4Z,)...(@, — Z,)"] was determined 
from each half of the computation, and the mean used in the 
denominator of (121). The remainder of the computation 
needs no explanation. 

260. The relative weights assigned to the station chro- 
nometers as indicated in § 253 may be determined by an 
analogous process. Let o be the error of a chronometer at 
the epoch of the transit time observations as determined from 
those observations. Let / be its error at that same instant 
interpolated between its errors as determined at the last pre- 
ceding and first following transit time observations on the 
assumption that its rate during that interval is constant. 
Then /— o is a measure of the behavior of the chronometer. 
It is the amount by which the chronometer has gone wrong 
on the supposition that the transit observations may be con- 
sidered exact. The chronometer apparently indicates that 
the station at the middle observation was at a distance / — 0 
in longitude from its position at the preceding and following 
observations. For a group of chronometers whose errors are 
all determined a number of times in succession by the same 
transit observations, the relative weights are evidently pro- 
portional to the quantities 


I 
=(f—o)” 


261. The above example serves to illustrate the principles 
involved in the computation of a longitude by chronometers. 
The accuracy of the derived longitude is greater, the greater 
the number of chronometers used, the greater the number, of 
trips, the smaller the average value of WV (§ 258), and of 
course depends intimately upon the quality of the chronom- 
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eters and the care with which they are protected from jars 
and from sudden changes of temperature. Unless the round 
trips are quite short the errors of the transit time observations 
will be small as compared with the other errors of the process, 
If considered necessary the relative personal equation of the 
observers may be eliminated from the result by the same 
methods that are used in connection with telegraphic 
determinations of longitude. 

262. If the trips are very long, it may possibly be advis- 
able to determine, by a special series of observations, the 
temperature coefficient of each chronometer and also a 
coefficient expressing its acceleration (or retardation) of rate, 
and to apply corresponding computed corrections to the 
travelling rates.* The chronometers are compensated for 
temperature as far as possible by the maker, of course, but 
such compensation cannot be perfect. The thickening of the 
oil in the bearings tends to increase the friction with lapse of 
time, and by diminishing the arc of vibration of the balance- 
wheel to increase the rate of running. Attempts to use rate 
corrections depending upon the computed coefficients of a 
chronometer have usually been rather unsatisfactory, and 
should not be made except in extreme cases. 


Longitude Determined by Observing the Moon. 


268. If none of the preceding methods are available, one is 
forced to use those methods which depend upon the motion 
of the Moon, or perhaps to observe upon Jupiter’s satellites. 

The place of the Moon has been observed many times at 
the fixed observatories. From these observations its orbit 
and the various perturbations to which it is subject have been 
computed. In the American Ephemeris and similar publica- 


* For details of this process see Doolittle’s Practical Astronomy, pp. 
383-388. 
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tions, tables will be found giving the Moon’s right ascension 
and declination for every hour, and also other tables giving 
its place as defined in other ways. Suppose now that an 
observer at a station of which the longitude is required 
determines the position of the Moon and notes the local time 
at which his observation was made. He may then consult 
the Ephemeris and find at what instant of Greenwich time the 
Moon was actually in the position in which he observed it. 
The difference between this time and the local time of his 
observation is his longitude reckoned from Greenwich. 

Among the processes by which the position of the Moon 
may be determined for this purpose are the following. 

264. The local sidereal time of transit of the Moon across 
the meridian of the station may be observed with a transit, 
and a chronometer of which the error is determined in the 
usual way by observations upon the stars. Or, what is in 
principle the same thing, the right ascension of the Moon may 
be derived by comparing its time of transit with that of four 
stars of about the same declination as the Moon, two transit- 
ing shortly before it, and two soon after it. In either case 
the right ascension of the Moon at the instant of its transit 
may be computed, and from the Ephemeris the Greenwich 
time at which the Moon had that right ascension becomes 
known. 

265. The lunar distance of a heavenly body is the angle 
between two lines drawn from the center of the Earth—one 
to the center of the Moon and the other to the center of the 
body considered. Or, in other words, it is the angle between 
the two objects as seen from the Earth’s center. The Ephem- 
eris gives the lunar distances of the Sun, the four larger 
planets, and of certain stars, at intervals of three hours, 
Greenwich mean time. An observer anywhere may measure 
the angular distance from the Moon to any one of these 
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objects, with a sextant or other suitable instrument. His 
measurement reduced to the Earth's center gives the lunar 
distance; from which with the use of the Ephemeris the 
Greenwich time of the observation becomes known; and also 
his longitude if he noted the local time of the observation. 

266. A star is said to be occulted during the time it is out 
of sight behind the Moon. The beginning and end of the 
occultation, that is, the instants of disappearance and re- 
appearance of the star, called its z#zmerszon and emersion, are 
phenomena capable of being observed with considerable 
accuracy. The Ephemeris gives the necessary elements for 
computing the Washington times of occultation of various 
stars as seen from any point upon the surface of the Earth. 
The local time of the occultation being observed, either of the 
immersion or emersion, and the Washington time being com- 
puted, the longitude becomes known. An observation of the 
local times of the phenomena of an eclipse of the Sun or 
Moon furnishes a similar determination of longitude. 

267. The computations required in the last two methods 
are quite long and complicated, and the theories involved 
require much study for their mastery. The method of cul- 
minations gives rise also to rather difficult computations, 
though not so difficult as those just mentioned. However, 
the time and labor expended would be fully rewarded if 
accurate results were obtained. But any of these methods 
give rise to results which are crude in comparison with those 
given by the telegraphic method, or by transportation of 
chronometers. The method of occultations requires the 
greatest amount of computing, but also gives the greatest 
accuracy, of the methods named. 

268. Three conditions stand in the way of the attainment 
of accuracy by any method involving the Moon. Firstly, the 
Moon requires about 274 days to make one complete circuit. 
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in its orbit about the Earth. The apparent motion of the 
Moon among the stars is then about one-twenty-seventh as 
fast as the apparent motion of the stars relative to an 
observer’s meridian, which furnishes his measure of time. 
Any error in determining the position of the Moon is then 
multiplied by at least twenty-seven when it is converted into 
time in the progress of the computation. If then the time of 
transit of the Moon, for example, could be observed as 
accurately as that of a star, one would expect the errors in a 
longitude computed from Moon culminations to be twenty- 
seven times as great as the errors of the local time derived 
from the same number of star observations. 

269. Secondly, the motion of the Moon is so difficult to 
compute that its positions at various times as given in 
the Ephemeris, and also of course the data there given in 
regard to lunar distances and occultations, are in error by 
amounts which become whole seconds when multiplied by the 
factor twenty-seven. This source of error is often avoided 
in the method of Moon’s transits (culminations) by using in 
the computation for each night the Moon’s right ascension as 
corrected at Greenwich, or some other station of known longi- 
tude, by direct observation on that same night. 

Thirdly, the limb, or edge of the visible disk of the 
Moon, is necessarily the object really observed, and this is a 
‘‘ ragged edge’’ rather than a perfect arc, for purposes of 
accurate measurement. 

270. The determination of the points at which the 
boundary between Alaska and British America (14Ist meri- 
dian) crosses the Yukon and Porcupine rivers was one of the 
comparatively few instances in late years in which it was 
necessary to resort to observations upon the Moon to deter- 
mine an important longitude. To determine the longitude 
by transportation of chronometers would have been exceed- 
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ingly difficult and costly, for there is more than a thousand 
miles of slow river navigation between the mouth of the 
Yukon River and either station. At a station near the point 
where the Yukon crosses the boundary, Moon culminations 
were observed on 23 nights. Four of the results were 
rejected as worthless. The other I9 gave results ranging 
from g" 22™ 30°.0 to 48°.9, with a weighted mean of 38°.5. 
Fourteen of these computed results depend upon the Moon’s 
place as corrected by corresponding observations at Greenwich 
or San Francisco. At the same station two observed occul- 
tations gave for the seconds of the longitude 35%.5 and 37°*.2, 
and a solar eclipse gave 32°.2. Ata station near the point 
where the Porcupine River crosses the boundary, 13 observed 
Moon culminations computed by the use of corresponding 
observations on the same nights at San Francisco, Washing- 
ton, or Greenwich, gave longitudes varying from 9" 23™ 45°.5 
to 63°.8, with a weighted mean of 55°.4. One observed 
occultation, both immersion and emersion, gave for the 
seconds of the longitude 63°.6. These examples* will serve 
to indicate roughly the possibilities of. the lunar methods of 
determining longitude. Experienced observers took the 
observations at both stations. It should be noted, however, 
that in such high latitudes (the stations were near the Arctic 
Circle), the trigonometric conditions are unfavorable to 
accurate time determinations, and the climatic conditions 
were such as to make observing difficult. 

271. Those wishing to study these lunar methods of 
determining the longitude are referred for details to Doo 
little’s Practical Astronomy; to Chauvenet’s Astronomy, 
vol. I.; and in the American Ephemeris (aside from the tables) 


* For a more complete account of these observations see Coast and 
Geodetic Survey Report, 1895, pp. 331-336. 
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especially to the pages, in the back of the volume, headed 
ae wserol elables. 

272. The Ephemeris gives, for each night of the year 
when Jupiter is not too near the Sun to be observed, the 
Washington mean time of the occultations and eclipses of 
Jupiter’s satellites by that planet, and also the transit of the 
satellites and their shadows across the face of the planet. 
An eclipse may be observed at a station of which the longi- 
tude is required. By comparison of the computed Washing- 
ton mean time of the eclipse as given in the Ephemeris, and 
the observed mean time, the required longitude may be 
derived. The times of the other phenomena mentioned are 
given to the nearest minute only. They may be observed 
simultaneously by two observers using the Ephemeris merely 
to indicate when to be on the alert. The difference in the 
local times of observation of the same phenomena is the 
difference of longitude of the observers, the transit or occulta- 
tion serving merely as a signal that may be seen at the same 
‘instant by both. The difficulty of accurately observing these 
phenomena (including the eclipses) makes the derived longi- 
tudes only rough approximations. The time of a satellite 
may, for example, be observed a whole minute sooner than it 
actually occurs, if a low-power telescope is used. Such errors 
may be partially eliminated by observing the reappearance as 
well as the disappearance. 
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Suggestions about Observing. 


273. Among the characteristics of a good observer, that 
is, of an observer who will secure the maximum accuracy 
with a given expenditure of time and money, in making sueh 
astronomical determinations as are treated in this book, may 
be mentioned the following: 

He is without bias as to the results to be obtained, his 
prime motive being always to come as near as possible to the 
truth. He has that kind of self-control which makes it possi- 
ble for him to prevent the knowledge that the result he is 
securing is too small (or too large) to check with other 
determinations, from having the slightest effect upon his 
observations. For example, he may know that his observa- 
tions, in making a telegraphic determination of the longitude 
of a station, are placing that station o*.5 farther west than it 
has been fixed by a primary triangulation, and yet have no 
tendency to observe stars earlier or later than usual. Or, 
when in reading a micrometer upon an azimuth mark several 
times in quick succession he secures three or four readings 
which agree almost exactly, and then one which differs from 
them by two seconds (say), thus making a bad looking break 
in his record, he will not suppress or “‘ spring ’’ this reading, 
though it may serve to make him more careful with following 
readings. 
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274. He is well aware of the minuteness of the allowable 
errors. A student, when warned that he must not apply any 
longitudinal force to the head of the micrometer of a zenith 
telescope, will perhaps experiment for himself, by purposely 
applying a little pressure while making a bisection, and not 
being able to see any appreciable motion, will become in- 
credulous as to the necessity of the warning. A good 
observer, on the other hand, knows that he can secure obser- 
vations such that the combination of errors from a@// sources 
produce an error in each result which is as apt to be less than 
© s30a> ‘greatersthan that value (¢—=.2' 07.230), although 
o’’.3 is a fraction of the apparent width of the line with which 
he makes the bisection. In other words, he knows that he 
can make pointings under good conditions, of which the errors 
are so small as to be invisible in the telescope. He knows 
that he can make pointings with a probable error of + 0.5, 
say, with a telescope with which it would be hopeless to try 
to see a rod one-sixth of an inch in diameter placed one mile 
away (4 inch subtends 0.5 at one mile). 

275. He is conscious that the most delicate manipulation 
is required. He knows that his instrument is built of elastic 
material, and that unless he is exceedingly careful to apply 
only such forces as are necessary he may readily produce 
deformations in his instrument, which though strictly in 
accordance with the modulus of elasticity of the material 
composing it, are yet as large as the largest allowable errors 
of observation. One may sometimes secure striking ocular 
evidence of this by watching a bisection, in a reading micro- 
scope on a horizontal circle (or in the telescope), while a poor 
observer makes his pointings with another of the reading 
microscopes on the instrument. 

276. A good observer does not consider his instrument t» 
be of fixed dimensions or shape, even when no external 


270 GEODETIC ASTRONOMY. $°277- 


forces are applied to it. He knows that it is constantly 
undergoing changes of shape due to changes of temperature; 
that these changes even under the best conditions that he can 
secure may produce errors of the same order of magnitude as 
the observer’s errors; and under adverse conditions may pro- 
duce errors which are larger than all the others concerned in 
the measurement. 

With respect to movements under stress and under 
thermal changes, the support of the instrument (tripod, 
block, or pier) should be considered asa part of the instru- 
ment. \ 


Suggestions about Computing. 


277. Almost the first question that arises on commencing 
a given kind of computation for the first time is ‘‘ To how 
many decimal places must each part of the computation be 
carried ?’’ If too few figures are used the errors from the 
cast away decimal places become larger than is allowable. If 
too many places are used the computation becomes slower 
than is necessary,—the work required for interpolations in 
whatever tables are used being especially liable to increase 
rapidly with an increase of decimal places. A good general 
guide in this matter is to carry each part of every computation 
to as many decimal places as correspond to two doubtful fig- 
ures in the final result. That is, when the computation is 
finished, and the probable error is computed, there should in 
general be two significant figures in the probable error. Or, 
in other words, the probable error should be between Io and 
100 units in the last place. It may be allowable to drop one 
more figure than above indicated if to do so decreases the 
work of computation very much, as in computing sextant 
observations for time (see foot-note to Example 8, at the end 
of Chapter III). It is important, after deciding upon the 
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number of places to use in a computation, to adhere to that 
number strictly. To carry some numbers one place farther 
than others, in a column to be added, is useless: and worse 
than useless, for it leads to mistakes such as adding tenths 
and hundredths, for instance, as af they were in the same 
column. 

If a number ends in a five and the last figure is to be cast 
away, shall the five be called ten or zero? Both are equally 
near the truth. A good rule is, in such cases, to make the 
last retained figure even (not odd). This will mean calling 
the five a ten about half of the time, and avoids the constant 
tendency to make the result too large (or too small) that 
would exist if the five were always called ten (or zero). 

278. If many astronomical computations are to be made, 
Barlow’s tables of squares, etc., Crelle’s four-place multipli- 
cation tables, and a machine for multiplying will be found 
convenient aids,—the last two for checks, especially. For 
example, apparent star places may be computed by loga- 
rithms -in the usual way, and then checked by a separate 
computation by natural numbers and the use of Crelle’s 
tables (or a computing-machine). The check will be much 
more efficient than repeating the logarithmic work because an 
entirely different set of figures are used, and it will take about 
the same amount of time. 

279. The difference between a good computer and a poor 
one lies largely in the industry and ingenuity with which a 
good computer applies such checks to his work to find what- 
ever mistakes he makes. Rough checks should not be 
despised, such as comparing two computations which are 
nearly alike (computations of two successive sets of observa- 
tions for example), or such as checking an exact computation 
by formula (98), § 193, by the use of the table in § 310. 

Means should always be checked by residuals. If resid- 
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uals be obtained by subtracting a mean from each of the 
separate values, the sums of the positive and of the negative 


residuals so obtained must not differ by more than 5 units 


corresponding to the last place of the mean, where ~z is the 
number of the separate values. 

280. In converting angles into time, or vice versa, it is 
about sas rapid) towuse the: relations 360 =i24". Sei, 
ie—04 te eS ees asit iS te Msestie-tablesroiven for 
that purpose on page 560 of Vega’s Logarithmic Tables, and 
elsewhere. The tables may be used as a check. 

281. When several computations of the same kind are to 
be made, it usually saves time to carry along corresponding 
portions together. For example, in computing apparent 
places all the star numbers may be taken out at one time, 
later all the values of log cos (G + a,), and so on. 

The use of a fixed form for a computation saves time and 
mistakes. The form should represent a logical order of work, 
and should involve as little repetition of figures as possible. 
All scribbling, multiplying, dividing, interpolating, etc., 
should be done on separate sheets of paper from the regular 
computation. 


Probable Errors. 


282. The reader who does not understand the principles 
of least squares cannot hope to understand the logic of the 
formule given in Chapters IV and V for certain least-square 
computations. But after a careful perusal of §§ 283-285 a 
statement of the uncertainty in a certain value in terms of 
the so-called probable error should not be unintelligible to 
him. 

283. In the expression ‘‘ probable error’’ the word 
‘* probable ’’ is not used in its ordinary sense, but in a special 
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technical sense. To assert that the probable error of a cer- 
tain stated value is + ¢, is to assert the chances are equal for 
and against the truth of the proposition that the stated value 
does not differ from the truth by more than ¢. Thus, to 
assert that the azimuth of a certain line west of north as 
derived from a certain series of observations is 59.0 + 0”.5, 
is to assert that it is as likely that the true value of that 
azimuth is between 58’.5 and 59”.5 W. of N. as that it is 
some value outside of these limits. To assert that the prob- 
able error of a single observation in a series = + 0.5, is to 
assert that it is an even chance that any particular observation 
is within 0.5 in either direction of the truth. Or, what is 
the same thing, it is to assert that if a long series of such 
observations were made, the chances are that one-half of the 
observations would give results within 0.5 of the truth, and 
one-half would give results differing from the truth by more 
than Oo. .5: 

More accurately, perhaps, the probable error should be 
regarded as referring to accidental* errors only, without 
reference to possible constant errors. Thus the above state- 
ments should be modified to read as follows: To assert that 
the azimuth of a certain line west of north, as derived from a 
certain series of observations, is 59’’.0 + 0”.5, is to assert that 
if an infinite number of such observations were taken, under 
the same average conditions, their mean would be as likely to 
lie between 58.5 and 59”.5 W. of N.as to fall outside those 
limits. And to assert that the probable error of a single 
observation = +0”.5, is to assert that it is an even chance 
that that particular observation is within 0’’.5 in either direc- 
tion of the mean which would result from an infinite number 
of such observations, made under the same average condi- 


* For the distinction between accidental and constant errors see foot- 
note to § 74. 
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tions. The second form of the statement is non-committal 
as to possible constant errors affecting all the series alike, 
which would not be eliminated by increasing the number of 
observations. Such a constant error would be introduced 
into an observed azimuth by placing the azimuth light, 
unknowingly, a little to one side of the monument which it is 
supposed to indicate. 

284. There seems to be some confusion between these two 
conceptions of the probable error. It is a common mistake 
among those who use least squares to derive a probable error 
by methods which correspond to the second form of state- 
ment above, and then to assume that the first form of state- 
ment is true. Hence one is always on the safe side to 
assume the second form of statement to give the true mean- 
ing of the probable error, and to form an estimate of the 
possibility of a constant error from other sources of informa- 
tion. If there is no possibility of a constant error in the 
observations, the two forms of statement are identical. 

285. The relation between the probable error of a single 
observation, and the total range between the largest and 
smallest values given by such observations, is as follows: If 
the probable error of a single observation is + ¢, one is to 
expect that if a large number of such observations were 
made, only about one per cent will fall outside a total range 
of 7} times ¢. Or, if the probable error of a single observa. 
tion is + 0’.5, only about one observation in one hundred 
would be expected to fall outside a total range of 3”’.8. 


The Latitude Variation. 


286. Until a few years ago it was supposed that the lati- 
tude of a given station was invariable. During the last few 
years a vigorous investigation of that assumption has been 
made, both by means of new series of observations of the 
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highest degree of accuracy planned especially for the purpose, 
and by the re-examination of various old series of observa- 
tions at the fixed observatories. The result of these investi- 
gations may be briefly stated as follows: The axis of rotation 
of the Earth does not coincide exactly with its axis of figure. 
By axis of figure is meant that line about which its moment 
of inertia is a maximum. Roughly speaking, the axis of 
figure describes a cone, with its vertex at the centre of the 
Earth, about the axis of rotation once in 428 days.’ The 
motion of the pole of figure about the pole of rotation during 
that interval is roughly an ellipse with a major diameter of 
about 60 feet, described in the direction of decreasing west 
longitudes, that is, in a counter-clockwise direction, as seen 
from above at the north pole. This motion is combined also 
with one of a period of one year, and is variable as to the 
diameter and position of the ellipse, and otherwise, so that 
the above statement serves simply as an approximate descrip- 
tion of the motion. The general law governing the motion 
is not yet known, and all formule as yet derived for predict- 
ing the future motion are empirical. 

The direction of gravity at a given station is sensibly con- 
stant as referred to the axzs of figure, that is, as referred to 
the solid Earth. But the latitude as measured is referred to 
the axis of rotation—the plane perpendicular to that line, the 
equator, being the plane to which the declinations of the 
stars are referred. Hence the latitude of every station on 
the Earth varies through a range equal to twice the angle 
between the two axes, a range of about 0”.6. It changes 
from its maximum to its minimum value, and back again to 
the maximum, once, roughly speaking, every 428 days. 
This motion can be traced in the past, but not as yet pre- 
dicted for the distant future. 

287. Three examples of the long series of latitude obser- 
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vations made with zenith telescopes for the special purpose 
of determining the latitude variation may be found in Coast 
and Geodetic Survey Reports for 1892, part 2, pp. I-159, 
and for 1893, part 2, pp. 440-508. The principal investi- 
gations of the variation by means of latitude observations not 
specially planned for the purpose have been made by Prof. 
S.C. Chandler. Indeed, his investigations first proved satis- 
factorily that such variations are a fact. His results will be 
found published in various numbers of the Astronomical 
Journal for several years past. A general statement of the 
‘“ Mechanical interpretation of the variations of latitudes,’’ 
by Prof. R. S. Woodward, will be found in the Astronomical 
Journal No. 345, May 21, 1895. 


Station Errors and the Economics of Observing. 


288. The author cannot close this book without calling 
attention briefly to one phase of geodetic astronomy to which 
little attention has apparently been paid, but which is of great 
importance in planning the astronomical work in connection 
with a geodetic survey, namely, the relation between the 
economics of observing and station errors. 

Broadly stated, the purpose of the astronomical observa- 
tions made in connection with a geodetic survey is to deter- 
mine the relation between the actual figure of the Earth as 
defined by the lines of gravity and the assumed mean figure 
upon which the geodetic computations are based.* This is 
the purpose, whether the astronomical observations be used 
simply as a check upon the geodetic operations, or whether 
they be used as a means of determining the mean figure of 
the Earth. In determining the relation between the actual 
figure and the assumed mean figure three classes of errors are 


* See foot-note to § 15. 
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encountered: the errors of the geodetic observations; the 
errors of the astronomical observations; and the errors due to 
the fact that only a few scattered stations can be occupied on 
the large area to be covered, and that the station errors as 
derived for these few points must be assumed to represent 
the facts for the whole area. 

Neglect the first class of errors, as being in the province 
of geodesy rather than astronomy. The duty of the engineer 
when planning the astronomical work of a survey is to so fix 
the number and character of the observations at each station, 
and the number and position of the stations, as to make the 
combined errors of the second and third classes a minimum 
for a given expenditure. By increasing the number of obser- 
vations at a station the errors of the second class may be 
diminished, the relation between the number of observations 
and the error of the result being that said error is inversely 
proportional to the square of the number of observations in 
the most favorable case (of no tendency to constant errors in 
the series of observations). If there are any constant errors 
affecting the series, then the increase in accuracy with increase 
in the number of observations is slower than that stated 
above. The third class of errors may be reduced by increas- 
ing the number of stations, and distributing them as uniformly 
as possible, so as to diminish the area to which the result 
from each station is assumed to apply. 

289. To illustrate, suppose the latitude observations for 
a geodetic survey of a State are being planned. Let us sup- 
pose that the engineer knows that with the available zenith 
telescopes and star places an observer can secure a latitude 
with a probable error of about + 0.10 from observations on 
a single evening, and that he can reduce this to + 0.06 by 
observing on four evenings. Let us assume that he estimates 
that it will cost the same, on an average, to observe on four 
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nights at one station, as to observe at three stations on three 
different nights.* Should he plan to observe at ten different 
stations distributed uniformly over the State on four nights 
at each station, or at thirty stations uniformly distributed for 
one night only at each? Obviously the answer depends 
mainly on the magnitude of the station errors to be expected. 
If he estimates the station error by consulting the results 
obtained on the U. S. Lake Survey, he will expect an average 
station error of nearly 4”, with a maximum exceeding 10”.+ 
If he consults the report { of the ‘‘ Survey of the Northern 
Boundary from the Lake of the Woods to the Rocky Moun- 
tains’’ he finds that the average station error there was 2”, 
with a maximum of 8”, and that in one case six successive 
stations on a total distance of 100 miles along the line showed 


“6 


a nearly uniform change of about 0’’.14 per mile in one direc- 
tion. If he consults the published results of still other 
surveys his estimate of the station errors to be expected will 
not be materially altered. Does it not seem evident that 
under such circumstances the thirty stations should be occu- 
pied on one night each? Yet the usual practice of geodetic 
surveys in this country corresponds rather to the plan of 
observing at 10 stations on 4 nights each, even though the 
observation error in the result from a single night is upon an 
average only one-twentieth, say, of the station error. 

With longitudes and azimuths it will be found that the 
ratio of the errors of the astronomical observations to the 
station errors is somewhat larger, but not enough larger to 
materially modify the above economic problem. 


* It being expected that the observations are to be taken at triangula- 
tion stations by the same observers who measure the horizontal angles of 
the triangulation. 

+ See Professional Papers of the Corps of Engineers No. 24 (Lake Sur- 
vey Report), p. 814. 

{ Plate opposite page 267 of that report. 
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290. CONVERSION OF MEAN SOLAR TIME INTO SIDEREAL. 


‘Correction to be added to a mean solar interval to obtain the corresponding sidereal interval. 


(See § 23.) 
| Mean h For 
Solar. 7 ie ee =p 4 s Seconds. 
o™ | o™ 008.000 | o™ 098.856 | oM 198.713 | OM 25°.569 | o™ 398.426 | om 49°.282 0} 08 000 
3 © 00.164 | O 10.021 | 0 19 .877] © 29.734 | 0 39.590] 0 49 .447 I |O .003 
2 © 00 .329 | O 10.185 | 0 20.041 | 0 29 .898 | 0 39.754 | 0 4g .6r1 2 |0 .005 
B © 00 .493 | O 10.349 | 0 20.206 | 0 30.062 | 0 39.919 | 0 49.775 3 |0 .008 
4 © 00 .657 | © 10.514 | 0 20.370] 0 30.227 | 0 40.083] 0 49 .939 4/0 .O1r 
5 © 00 .821 | o 10.678 | 0 20.534 | © 30.391 | Oo 40.247 | © 50.104 5 |o .o14 
6 © 00.986] o 10 .842 | 0 20.699 | 0 30.555] 0 40.412] 0 50.268 6 |o .016 
7 © or .t50 | © 11.006 , 0 20.863 | 0 30.719] © 40.576 | 0 50 .432 7 | .019 
8 O OF .314 | O 11.171 | © 21.027 | 0 30.884 | 0 40.740 | © 50.597 8 |o .022 
9 OF 09) 47,8) || OF 1195335 |) ©. 2 aor || O31, -048: 0 4o .904 || 0 501.761 9 |o .025 
10 © of .643 | © 11.499 | 0 21.356 | Oo 31.212 | © 41.069 | © 50.925 IO |O .027 
Ir OMote, SOF | MOueTt) 063) ONP2th. 520) | On 31 137001 10 941 «238 Os 57 1086 II |O .030 
12 © Of .O71 | o xr .828 | 0 2r .684.| © 3.541 | © 4x .307 | © 51.254 | Z2]0 .033 
13 © 214136 | 6) Ir .992)||O 25 58495) 0: 317.705 | o 41.561 | © 5x .4x8 | 13 }o -036 
14 © 02.300] 0 12.156 | 0 22.013 | o 31 .86y | o 4x .726] 0 51 .582 | 14 |0 .038 
15 © “02 .464 | 0 12 :32r || 0 22 4177 | 01 32 .034 | 0 41.890 | © 5x .746 | x5 |0..04% 
16 0)" 02.6281] 0 12 .485 || 0 22.34% | 0 32.198 | oO 42.054] © 51 .O1r | 16'|0 .044 
17 © 02.793 | © 12.649 | 0 22.506 | o 32.362 | o 42.219 | Oo 52.075 | 17 |0 .047 
18 © 02.957 | © 12.813 | 0 22.670 | o 32.526] o 42 .383 | oO 52 .239 | 18 |o .049 
19 © 03.121 | 0 32.9780 22.834 | © 32.69% | © 42.547 | © 52.404 | 19 |o .052 
20 © 63.285) |] OF 13/0142 || © 22 .998 | © 32.855 | 0 42 .7rx || 0 52 568 | 20 |0%.055 
21 9 03 450/10 13.306 | © 23%.163 | 0 33.019 | © 42 .876|' 0 52 .732 | 21 |o .057 
22 © 03 .614 |] © 13.471 | 0 ~23 .327 | © 33.383 | © 43.040 | 0 52 .896 | 22-10 /060 
23 © -03 -778 | © 13 .635 | © 23.491 | © 33-348 | © 43.204] © 53 .061 | 23 |0 .063 
24 © 03.943 | © 13.799 | © 23 .656 | oO 33.512 | O 43 .368 | 0 53.225 | 24 |0 .066 
25 OMrO4 1. 107) 0) 2 131.903)5|0) 23) .820)| (01 33%.676' ||| 0' 437539 || 0 53 ~380.)|| 25.0), 008: 
26 © 04.271 | Oo 14.128 | 0 23 .984 | Oo 33.841 | oO 43.697 | © 53.554 | 26/0 .071 
27 © 04.435 | © 14.292 | © 24.548 | © 34.005 | © 43 .86r | O 53.918 | 27 10.074 
28 © 04.600 | © 14.456 | © 24.313 | © 34.169 | © 44 .026 | O 53.882 | 28]0 .077 
29 © 04 .764 | 0 14.620 |] 0 24.477 | © 34 .333 | © 44.100 | © 54 .046 | 29 |0 .079 
30 ©. 504.4928 |] -O, Dd ..785))| OG. 24.047 | 10° (34) .408)0 344.354 | 0 54 .2tx | 30))0 .082 
31 © 05 .093 | O 14.949 | © 24.805 | 0 34 .662 | © 44.518 | 0 54 .375 | 31 10 .085 
32 © 05 .257 | 0, 15.113 | © 24.970 || 0 34.826 | Oo 44 .683 | © 54 .539 | 32/0 .088 
33 © 05.421 | O 15.278 | © 25.134 | © 34.990] O 44 .847 | 0 54 .703 3 |O .ogo 
34 © 05 .587 | © 15.442 | O 25.2908 | O 35-155 | O 45.011 | 0 54 .868 | 34 |0 .093 
35 © 05.750] 0 15 .606 | 0 25 .463 | © 35 .319 | © 45.176 | © 55 .032 | 35 |0 .096 
36 © 05.914 | O 15.770] © 25 .627] 0 35 .483 | © 45.340 |] © 55.196 | 36/0 .099 
37 © 067.078) | 0 15.935 | © 25.791 | © 35.648 | © 45.504 |] © 55 .36r | 37 10 «1071 
38 o 06 .242 | 0 16.099 | 0 25.955 | 0 35.812] © 45 .668 |] Oo 55.525 | 38 ]0 .104 
39 0 06.407 | 0 16.263 | 0 26.120] 0 35.976] © 45 .833 | © 55 .689 | 39 |o .107 
40 © 06.571 | 0 16.427 | o 26.284 | 0 36.140] © 45.997 | © 55 .853 | 40 ]0.110 
41 © 06.735 | 0 16.592 | 0 26.448 | 0 36.305 | © 46.161 | © 56.018 | 41 Jo .1r2 
42 © 06.900 | o 16.756 | 0 26.612 | 0 36.469] 0 46.325 | 0 56.182 | 42 /0.115 
43 © 07 .064 | 0 16.920] o 26.777 | 0 36.633 | © 46.490 | © 56 .346 | 43 [0 .118 
44 © 07.228 | o 17.085 | o 26.941 | 0 36.798 | © 46.654] © 56.510 | 44 |0.120 
45 © 07.392 | © 17.249 | 0 27.105] 0 36.962 | Oo 46.818 | 0 56.675 | 45 jo .123 
46 © 07-557 | © 17.413 | © 27.270] 0 37.126 | 0 46 .983 |] © 56.839 | 46 jo .126 
47 © 07.721 | © 17.577 | © 27 -434 | © 37.2900 | © 47.147 | © 57 .003 | 47 |o -129 
48 © 07.885 | 0 -17 1742 | © 27 «598 | © 37.455 | 0 47.311 | O 57.168 | 48 ]o0 .137 
49 © 08 .049 | Oo 17.906] © 27.762 | Oo 37.619 | O 47.475] © 57 .332 | 49 |0 134 
50 © 08 .214 | o 18.070] O 27 .927 | © °37 .783 | 9 47.640] O 57.496 | 50/0 .137 
51 © 08 .378 | o 18.234 | © 28.091 | O 37 -947 | 0 47 .804 | 0 57.660 | 51 jo .140 
52 © 08 .542 | 0 18.399 | 0 28.255 | 0 38.112 | 0 47.968 | 0 57 .825 | 52|/0.142 
53 o 08.707 | 9 18.563 | 0 28.420 | 0 38.276] Oo 48.132 | 0 57 .989 | 53 ]0 -145 
54 o 08-.871 | o 18.727 | o 28.584 | 0 38.440 | 0 48.297 | Oo 58.153 | 54 |o-148 
55 © 09 .035 | o 18.892 | 0 28.748 | o 38 -605 | © 48 .461 © 58 .317 55 |O .151 
56 © 09.199 | o 19.056] 0 28.912 | 0 38.769 | © 48 .625 | 0 58 .482 | 56 jo .153 
57 © 09 .364 | o 19.220] 0 29.077 | 0 38 .933 | © 48.790] o 58 .646 | 57 |0 .156 
58 © 09 .528 | o 19.384 | 0 29.241 | 0 39.097] 0 48.954 | o 58 .810 | 58 Jo .159 
59 © 09 .692 | 0 19.549 | O 29.405 | 0 39.262 | Oo 49.118 | oO 58 .975 | 59 'O .162 
Mean For 
Solar. |: om 23 2h Be 4 Sy Seconds. 


280 


GEODETIC ASTRONOMY. 


§ 290. 


CONVERSION OF MEAN SOLAR TIME INTO SIDEREAL. 


Correction to be added to a mean solar interval to obtain the corresponding sidereal interval. 


Mean 
Solar. 
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+303 
- 467 
-632 
+796 
-g60 
-124 
-289 
+453 
-617 
-782 
-946 
. 110 
“274 
+439 
-603 
-767 
+932 
-096 
-260 
-424 
-589 
+753 
+917 
-o81 
.246 
-410 
+574 
-739 
+903 
-067 
neat 
-396 
+560 
+724 
+888 
+053 
+217 
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gh 


1™ 08° .995 
09 .160 
0g +324 
og «488 
og 652 
09 .817 
09 .98r 
IO .145 
10 .310 
10.474 
Io .638 
to .802 
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eo eo oe ee 
(5) 
Ww 


-708 
+873 
-037 
-201 
+365 
+530 
+694 
-858 
.022 
-187 
+351 
+515 
-680 


zo" 


1M 388,565 
I 38 .729 
38 .893 
39 +058 
39 222 
39 -386 
39 .55° 
39 +715 
39 -879 
40 .043 
40 .207 
40 .372 
40 «536 
40 .700 
40 .865 
41 .029 
41 «193 
41 .357 
me Alseye) 
41 .686 
41 .850 
42 .015 
42 .179 
42 +343 
42 .507 
42 .672 
42 .836 
43.000 
43-164 
43 +329 
43 +493 
+657 
43 .822 
43 -986 
44 .150 
44 .314 
44 479 
44 .043 
44 .807 
44 .Q7I 
45 .136 
45 -300 
45 464 
45 .629 
45 -793 
45 +957 
46 .121 
46 .286 
46 .450 
46 .614 
40 .778 
46 943 
47 107 
47 +271 
47 +430 
47 .600 


ee! 
os 
WW 


yih 


1™ 48°. 421 


ee i ie | 


48 .585 
48 .750 
48 .o14 
49 078 
49 243 
49 +407 
49 +571 
49 +735 
49 .goo 
50 .064 
50 .228 
50 .393 
50 .557 
50 .721 
50 .885 
51 .o50 
5I .214 
51.378 
5I 542 
51.707 
51 .871 
52 .035 
52 .200 
52 -364 
52 .528 
52 .692 
52 .857 
53 .021 
53 «185 
53 +349 
53 +514 


For 
Seconds. 
08) 08,000 
I |0 .003 
2/0 .005 
3/0 -008 
4|° .oTT 
5 |0 .or4 
6|o .o16 
7 |o .o19 
8 |o .o22 
9 |0 .025 
10 |0 .027 
II |0 .030 
12 |0 .033 
13 |o .036 
14 |0 .038 
15 |O .041 
16 |o .044 
17 |0 .047 
18 |o .049 
19 |o .052 
20 |9 .055 
21 |0 .057 
22/10 .o€0 
23, |0 .063 
24 |0 .066 
25 |o .068 
26 }0 .071 
27 |0 .074| 
28 |0 .077 
29 |o .079} 
30 | 0 .082| 
3I Jo .085| 
32 |o .088) 
33 | © .0g0 
34 (9 .093 
35 | 0 .006 
36 |o .009 
37 Ol < fox 
38 |o .104 
39 ]0 .107 
40 ]O .110 
AT Oe DES 
42/0 .115 
43 |° .118 
44 |0 .120 
45 |© .123 
46 |o .126 
47 |° .129 
48 }o .131 
40 |0 .134 
50 |0 .137 
51]0.140 
52|0 .142 
Baio Eas 
54 |0 .148 
55 |° «15 
56 |o .153 
57 |0 .156 
58 }° .159 
59 'o .162 
For 


Seconds. 
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OF MEAN SOLAR TIME INTO SIDEREAL. 


Correction to be added to a mean solar interval to obtain the corresponding sidereal interval. 


CONVERSION 
Soiar| 13 
oM | 1™ 588.278 | 2™ 08%.134 
I I 58 .442 | 2 08 .2908 
2 1 58 .606 | 2 08 .463 
3 ¥ 58.975 | 2 - 08.627 
4 xr 58 .935 | 2 08 .791 
5 I 59 .099 | 2 08 .956 
6 I 59 .263 | 2 09 .120 
7 I 59.428 | 2 09 .284 
8 Xr 59 -592 | 2 09 .448 
9 | x 59-756] 2 09 .613 
10 I 59.920 | 2 09 -777 
1t 2 00.085 ; 2 09 .O41 
12 2 00.249 | 2 10.105 
13 2 00.413 | 2 10.270 
14 @ 00 .578 | 2 10.434 
15 200). 7A2 ean 106596 
16 2 00 .go6 | 2 10.763 
17 2 OL .070 |] 2 10 .927 
18 2 OL .235 | 2 11 .og1 
19 2 O% 6309 || 2 1.255 
20 2 of .563 | 2 11 .420 
21 2 OL 727 Wea) 2%. 5584 
22 2 or .892 | 2 11 .748 
23 2a O2 6056) liz) ie Lyon 
24 2 02.220] 2 12 .077 
25 2) 022386 1a 12.24% 
26 2 02.549 | 2 12 .405 
27 2 02).713.| 2° 12.570 
28 Ze O2sG7 7) \\e2a ele 734 
29 2 03 .042 | 2 12 .898 
30 2 03.206 | 2 13 .062 
31 2703) .3705|) 2 3) .227, 
329 [2 03 584i 2) 13)-c0x 
3 2 03-699 | 2 13 +555 
34 2 03.863 | 2 13 .720 
35 2 04.027 | 2 13 .884 
36 2 04.192 | 2 14 .048 
37 2 04.356 | 2 14 .212 
38 2) (O4n 5 20))| (2 0496377 
39 2 04 .684 | 2 14 .541 
40 2 04 .849 | 2 14.705 
4 2 O05 .013 | 2 14 .869 
42 2 05.147 | 2 1S .034 
43 2 05 .342 | 2 15 .198 
44 2. 05 .506- 2 15) .3962 
45 2 05 .670.| 2 15 .527 
40 2 05 .834 | 2 15 .691 
47 | 2 05 -999 | 2 15 .855 
48 2 06.163 | 2 16.019 
49 2 06.327 | 2 16 .184 
5° 2 06.491 | 2 16 .348 
51 2 06 .656 |] 2 16.512 
52 2 06.820 | 2 16 .676 
me 2 06.984 | 2 16 .841 
54 2 O07 .149 2 17 .005 
55 2 07 .313, | 2 17 .1t69 
56 | 2 07 .477 | 2 17 .334 
57 2,07 .64r | 2 17 .408 
58 2 07 .806 | 2 17 .662 
59 2 07.970] 2 17 .826 
Ara es 13 
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15 


27°.847 
28 .o1r 
28 .176 
28 .340 
28 .504 
28 .668 
28 .833 
28 .997 
29 .161 
29 .326 
29 .490 
29 -654 
29 .818 
29 .983 
30-147 
BO o BIT 
30 476 
30 .640 
30 .804 
30 .968 
31 .133 
31 .297 
31 .461 
31 .625 
3 -790 
3I +954 
32 .118 
32 .283 
32-447 
32 .611 
32.775 
32 .040 
33-104 
33 .268 
33 +432 
33 +597 
33.761 
33 +925 
34 -090 
34-254 
34-418 
34 +582 
34 +747 
34 +911 
35 +075 
35 +239 
35 +404 
35 +568 
35 +732 
35, -897 
36 .061 
36 .225 
36 .389 
36 554 
36 .718 
36 .882 


h h For 
x6 au Seconds. 
2™ 378.704 | 2™ 47%.560 08] 08 000 
2 37-868 | 2 47 .724 I] 0 .003 
2 38 .032 | 2 47 .889 2|0 .005 
2 38.196 | 2 48 .053 3|0 .008 
2 38.361 | 2 48 .217 4]0 .oIr 
2 38.525 | 2 48 .381 5 |° .014 
2 38 .689 | 2 48 .546 6 |0 .016 
2 38.854; 2 48 .710 7|0 .o19 
2 39.018 | 2 48 .874 8 |o .022 
2 39.182 | 2 49 .039 g|0o .025 
2 39 -346 | 2 49 .203 | 10/0 .027 
2 39 .51t | 2 49 .367 | 1x | 0 .030 
2 39)-675 | 2) 49.531 | 12:/\0 .033 
2 39-839 | 2 49 .696 | 13 ]0 .036 
2 40.003 | 2 49 .860 | 14] 0 .038 
2 40.168 | 2 50 .024 | 15 ]0 .o4r 
2 40.332 |] 2 50.188 | 16]0 .044 
2 40.496 | 2 50.353 | 17]0 .047 
2 40.661 | 2 50.517 | 18]0 .049 
2 40.825 | 2 50.681 | 19|0 .052 
2 40.989 | 2 50 .846 | 20]0 .055 
2 41.153 | 2 51 .o10 | 21/0 .057 
2 41.318 | 2 51.174 | 22/0 .060 
2 41.482 | 2 5x .338 | 23]0 .063 
2 41.646 | 2 51 .503 | 24] 0 .066 
2 41 .810 |/2 51 .667 | 25 |0 .068 
2 41.975 |.2 52 .83r | 2610 .c7% 
2 42.139 | 2 51 .995 | 27 10 .074 
2! 42.303 | 2 52.160 | 28] 9).077 
2 42.468 | 2 52.324 | 29]0 .079 
2 42.632 | 2 52.488 | 30]0 -o82 
@ A2.700'| 2 52 .653 | $310 .08s 
2 42.960 | 2 52 .817 | 32 |o .088 
2 43.125 |-2 52 .98r | 33:16 goo 
2 43 .289 | 2 53-145 | 34 | 0 .093 
2 43-453 | 2 53 -310 | 35 |© .096| 
2 43.617 | 2 53 .474 | 36|0 .099 
2 43..782, | 2 53.638 ||| 37 10 . Tox 
1 43.946. 2 53 .803 | 38']0 .1o4 
2 44.1l0 | 2 53 .967 | 39/0 .107| 
2 Ad.275 [20 (S40 0238 ||-40 lov nxo, 
2 44.439 | 2 54.295 | 41 |0 .112 
2 44.603 | 2 54 .460 } 42/0 .115 
2 44.767 | 2 54 -624 | 43/0 .118 
2 44.932 | 2 54.788 | 44/0 .120 
2 45.096 | 2 54 .952 | 45 |0 .123 
2 45 .260 | 2 55 .117 | 46] 0.126 
2 45.425 | 2 55 .281 | 47 ]0 .129 
2 45 -589 | 2 55-445 | 48]0 .131 
2 45-753 | 2 55 -610 | 49 | 0 .134 
2 45.917 | 2 55 .774 | 50|0 .137 
2 46.082 | 2 55 .938 | 51/0 .140 
2 46.246] 2 56.102) 52/0 .142 
2 46.410 | 2 56 .267 | 53/0 .145 
2 46.574 | 2 56.431 | 54/0 .148 
2 46.739 | 2 56.595 | &5]0-151 
2 46 .903 | 2 56.759 | 56/0 .153} 
2 47.067 | 2 56.924 | 57/0 .156} 
2 47 .232 | 2 57 .088 | 58/0 .159} 
2 47.306 | 2 57 .252 | 59 '0 .162 
For 
16h 17 Seconds. 
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CONVERSION OF MEAN SOLAR TIME INTO SIDEREAL. 


Correction to be added to a mean solar interval to obtain the corresponding sidereal interval. 


Mean h hb h h h For 
Solar. 18h x9 2° 2h a 23 Seconds. 
o™ | 2™ 578.417 | 3™ 078.273 | 3™ 178.129 | 3™ 26%.986 | 3™ 368.842 | 3™ 46*.699 08! 0° .000 
xr | 2 57 .-58t | 3 07 -437 17.294 | 3 27 .150 | 3 37 -007 | 3. 46 .863 | 1/0 .003 
2 Pye Ep hereiey | a eyeckes |) Sy apace |) By Bre epee le 2) Sy coyee || ey Zyf Sek 2/0 .005 
3 | 2 57.909 | 3 07-766 | 3 17.622 | 3 27.479 | 3 37-335 | 3 47-192 | 3/0 .008 
4 258) .074 || 3) 07-930) |) 3) 278-787) 327.0433) 37 500) 30847) 350 4|0 .OIT 
5 | 2 58.238 | 3 08 .094 | 3 17 -95t | 3 27 .807 | 3 37 -664 | 3 47.520 | 5] 0.014 
6 2 58) 402) | 3) OS 2500 lS EON. DS) 327197293) 370200 oa OOs 6}0 .016 
7 2 58.566 | 3 08 .423 | 3 18.279 | 3 28.136 | 3 37.092 | 3 47 849 7 | 0 .019 
8 2 58. 6734 ||| 3. 081.587 | 3 18-444 )| 3) 28 6300) 3° 38.557 | 3: 48.073 8] 0 .c22 
9 2 58.895 | 3) 08 75m | 3 18.608 | 3 28-464) 3° 38 -32r |) 3 48 2177; 9g |0 .025 
10 2 59 .059 | 3) 08.916 | 3 18 .772 | 3 28 .629)| 3.38 .485 | 3 48 .342 | 10] 0 .027 
IL 2 59 .224 | 3 09 .oc80] 2 18.937 | 3 28.793 | 3 38-649 | 3 48.506 | 11 | 0 .030 
12 2 59 .388 | 3 09.244 | 3 19.101 | 3 28.957 | 3 38.814 | 3 48 .670 | 12] 0c .033 
13 2 59) .552 | 3 09-409, | 3: 19-265] 3 2o\-122 | 3 38.978 | 3 48 .834 | x3 0 036 
14 2 59.716 | 3 09.573 | 3 19-429 | 3 29.286] 3 39-142 | 3 48 .9909 | 14] 0 .038 
1 | 2 59-881 | 3 09-737 | 3 19-594 | 3 29-450 | 3 39 -307 | 3 49 -163 | 15] 0 .041 
16 | 3 00.045 | 3 09 .gor | 3 19-758 | 3 29 -614 | 3 39-472 | 3 49 -327 | 160 .044 
17 | 3 00.209 | 3 10.066 | 3 19.922 | 3 29-779 | 3 39-635 | 3 49 .492 | 17/0 .047 
18 | 3 00.373 | 3 10.230] 3 20.086 | 3 29 .943 | 3 39-799 | 3 49 -656 | 18]0 .o49 
19 3 00 1638 | 3 10 304-1) 3) 20.251 | 3) 30.107 | 3 39-964 | 3 49.820 | zo |\c° .052 
20 3 00.702 | 3 10.559 | 3° 20.415 | 3 30.27% | 3 40.128 | 3 49 -984 | 20/0 .055 
21 3 00 .866 | 3 10.723 | 3 20.579 | 3 30-436 | 3 40.292 | 3 50.149 | 21/0 .057 
22 3 of .o3t | 3. 10.887 | 3 20.744 | 3 «30.600 |13 40.456 | 3 50.323 | 22} 0° .060 
23 3 OL .195 | 3 It .o5r | 3 20.908 | 3 30.764 | 3 40.621 | 3 50-477 | 23] 0 .063 
24 3 or .359 | 3 XII .216 | 3 22.072) 3 30.029 | 3 40.785 | 3 50 642 | 2h] o .066 
25 3 LON 29) |) 35 xd 23d) | 3e 20296) hs S003) 53 401-940) | 30507 COO! [pari onoos 
26 3) OF .088))| 3, IX 2544) 3) (2 .40r || 3) 31 3257) |) 3) 4 tid) 36 50) .070))| 26) | ol-o7a 
27 Ey Moped || CP) od cyfoes |) Se PRC aL ey | 2) Shearenell fy oa certs |l EL die Seyig| Syl coy: 
28 3 02.036) |) -3 PIL 68734) (3| "24-720) |} 3. BH URSOo| SAE. 442503 e200) [i208 onag7 
29 3) Oziezon) | 95 12,037 13 220). cos is 3k «750.18 384% . COONS 5024035 2010 070 
30 3° 02).345) || -3) Ee .208 NES) (ee. oss "ios SE Lord oS 4E 778 a SP ate. 627 olla ous 
ey 3 02.509 | 3 12.366] 3 22.222 | 3 32.078 | 3 42 -935 | 3 5x .791 | 34/0 .085 
32 By 021-673" 3) T25300|1 3) 22e380 || 3 32.2431 63! 427.000) 1/3) 554.050) Saiiorocs 
33 3029-1638)! 93) £2) ,004) Sn 22.557 1/93 32.407 3 42.204 sg u52) 0200 sa)|(Ono90 
34 3 .03).002) | 3 12 .O580) 3) 22.755 4) 3 32.0570 5 42.420 13 52264 134) 1o7.0og 
35 | 3 03-166 | 3 13.023 | 3 22.879 | 3 32.736] 3 42-592 | 3 52 -449 | 35 |o .096 
36 | 3 03-330 | 3 13.187 | 3 23.043 | 3 32.900 | 3 42.756 | 3 52 -613 | 36 }0 .099 
37 | 3 03-495 | 3 13-35% | 3 23.208 | 3 33-004 | 3 42.921 | 3 52-777 | 37 |0 .101 
38 | 3 03-659] 3 13.515 | 3 23-372 | 3 33-228 | 3 43.085 | 3 52 .g4t | 38 ]0 .104 
39 | 3 03 .823 | 3 13.680) 3 23.536] 3 33.393 | 3 43-249 | 3 53-106 | 39/0 .107 
40 | 3 03 .988 | 3 13 .844 | 3 23-700] 3 33.557 | 3 43-413 | 3 53-270 | 40]0.rI0 
41 Ey doy pide If ey Terk actu | EP ey Sclocyill Sy Beh ches | ee Vey ache || Ly Gey Arey || Zbe li. sor 
42 3 04..316 | 3 14..173° || 3 24) 2029 || 3. 33.886 |] “3° 43-742") "3. Saiegad | de onzig 
43 | 3 04.480 | 3 14 .337 | 3 24-193 | 3 34 .050| 3 43-906 | 3 53 -763 | 43/0 .118 
44 | 3 04 645 | 3 14-501 | 3 24.358 | 3 34-214 | 3 44-071 | 3 53-927 | 44/0 .120 
45 | 3 04.809 | 3 14 .665 | 3 24.522 | 3 34.378 | 3 44-235 | 3 54-091 | 45 | 0 .123 
46 |} 3 04 -073 | 3 14-830 | 3 24 .686 | 3 34.543 | 3 44-399 | 3 54-256 | 46]0.126 
47 | 3 05 -137 | 3 14.994 | 3 24 -850 | 3 34.707 | 3 44 -563 | 3 54-420 | 47 [0.129 
48 3 05 .302 | 3 15.158 | 3 25.015 | 3 34 -87r | 3 44.728) 3 54.584 | 480.131 
49 | 3 05 .466 | 3 15 .322 | 3 25.179 | 3 35.035 | 3 44 -892 | 3 54-748 | 49 |o .134 
50 | 3 05 .630 | 3 15 .487 | 3 25 .343 | 3 35-200 | 3 45.056 | 3 54 .913 | 50] 0 .137 
5t | 3 05-795 | 3 15 .65r | 3 25.508 | 3 35 -364 | 3 45 .220 | 3 55 .077 | 54 |0 .140 
52 | 3 05.959 | 3 15-815 | 3 25 .672 | 3 35-528 | 3 45-385 | 3 55 -24t | 52] 0 .142 
53 | 3 06.123 | 3 15.980] 3 25 .836| 3 35 .€93 | 3 45 -549 |] 3 55 -405 | 53] 0 -145 
54 | 3 06 .287 | 3 16.144 | 3 26.000 | 3 35 .857 | 3 45-713 | 3 55-570 | 54]0 .148 
55 300) .452) | 93) 167.308: |) 3 26.165) |) 3) 36-02 5 45, -8798al 355 7840) SSuOmsx 
56 3 06.616 | 3 16.472 || 3 26.329 | 3 36.185 | 3 46.042 3 ‘55 2898 | 56/10 .153 
57 3 06.780 | 3 16.637 | 3 26.403 | 3 36-350 |! 3 46-206) | 3) 56-063) ||!'57 701.150 
58 3 06 .944 | 3 16 .80r | 3 26 .657 | 3 36.514 | 3 46.370 | 3 56.227 | 5810-159 
59 3 07.109 | 3 16.965 | 3 26.822 | 3 36.678 | 3 46.535 | 3 56.391 | 59/0 .162 
Leo 18 19> 20h ath 2ah ogh ee 


24 mean solar hours = 245 03™ 568.555 of sidereal time. 


§ 291. CONVERSION TABLES. 283 


291. CONVERSION OF SIDEREAL TIME INTO MEAN SOLAR. 


Correction to be subtracted from a sidereal interval to obtain the corresponding mean time 
interval. (See § 23.) 


i bh h h h h bh For 
ae 5 . S 4 2 Seconds. 
o™ | o™ 008.000 | o™ 09%.830 | o™ 19%.659 | o™ 29%. 489 | of 398.318 | o™ 40*.148 08] 08.000 
I © 00.164 | 0 09 .993 | O 19 .823 | 0 29.653 | © 39.482 | 0 49 .312 I ]o .002 
2 © 00 .328 | o 10.157] 0 19.987 | 0 29 .816 | 0 39 .646 | 0 49 .475 2/0 .005 
3 © 00.491 | O 10.321 | O 20.151 | 0 29.980 | 0 39.810 | o 49 .639 3 | 0 .008 
4 © 00.655 | 0 10.485 | 0 20.314 | 0 30.144 | 0 39.974 | 0 49 .803 4]O .o11 
5 0 00 .819 | 0 10.649 | 0 20.478 | 0 30.308 | 0 40.137 | 0 49 .967 5 | .014 
6 © 00.983] 0 10.813 |] 0 20.642 | 0 30.472 | © 40 .301% © 50 .131 6 Jo .016 
7 © OL .147] 0 10.976) 0 20.806 | 0 30.635 | 0 4o .465 Oo 50 .295 7 | .O19 
8 © OL .31r | o 11.140 | © 20.970 | 0 30.799 | 0 40.629 | 0 50.458 8 Jo .022 
9 © OF .474 | © IX .304 | O 21 .134 | © 30.963 | © 40.793 | © 50 .622 9g |O .025 
10 © or .638 | o x1 .468 | 0 21.297 | 0 31.127 | 0 40.956 | 0 50.786 | 10|0 .027 
II © o1 .802 | o 11.632] O 21.461 | O 31.291 | O 41.120 | © 50.950 ; 11 |O .030 
12 © ot .g66 | o 11.795] 0 21 .625 | 0 31.455 | © 41.284 | © 51.114 | 12 0 .033 
13 O 02..130"| of 1Ps95Q 5 © (2r .-789.) Oo 92 °.618 | 0 i 4r .448 Oo 51 .278 13 ]0 .035 
14 O 02 .204 OF 25.025 Oo 25 +953 © 31 .782 Oo 41 .612 OF Sites4ar 14 |O ,038 
15 OMLO2 AS Tall Om h2 2070 Ole 22.117) NOleSh..Q40) 1 10M 40770 || Oe 507s00R” | ruito on 
16 O 02.62% | © 12.451 | 0 22.280 | © 32.110 | © 41 .939 | © 51-769 | 16 |o :044 
17 © 02.785 | © 12.615 | 0 225444 | 0 32.274 | 0. 42 .103 © 51 -933 17 |o .046 
18 © 02.949 | 0 12.778] 0 22.608 | o 32 .438| 0° 42.267 | o 52.097 | 18 Jo +049 
19 © 03.113 | © 12.9427] © 22.772 | 0 32.601 | Oo 42.431 | © 52 .260 | X09 |o .o52 
20 0) 03) 5277/4\| oO) “13).106))|' ©) 22° 5930))|, 6, 327.765) || © 425595 || © 52.424 | 2010 ons 
2u O 03.440 | O 13.270] © 23.099] © 32.929 | O 42.759 | © 52.588 | 21 |0 .057 
22 © 03 .604 | © 13 .434 | © 23 .263 | O 33 .093 |] O 42.922 | © 52.752 | 22 |0 .c60 
23 @ 063 .768 | 0 13-5908 | © 23 .427 || o 33.257 |'O 43 .086 | 0 52.916 | 23/0 .063 
24 @, (03//932"] © 13: .761 || O' 23, 50% | 0 33 .420'] 0 43 .250. || 0 53.080: | 24/0" 066 
25 © 04.096 | o 13.925 | © 23.755 | 0 33.584 | © 43.414 | © 53 .243 | 25 |o .068 
26 O 641259 | ‘oO “T4 .089i\| O 23°2919)] o 33.748 |] 0 43° .578 © 53-407 | 26/0 .071 
27 | © 04 .423 | 0 14.253 | 0 24 .082 | 0 33.912 | O 43-742 | © 53-571 | 27 |0 .074 
28 | 0 04.587 | o 14.417 | © 24.246 | 0 34 .076| 0 43.905 | O 53 -735 | 28 |0 .076 
29 O) O47. 751 || O 4 25817) 0 24) .410)\O) 34°,240| 0 44,069 © 53 -899 | 29 |0 .079 
3° © 04.915 | 0 14-744 | O 24.574 | © 34-403 | O 44.233 | 0 54 -063 | 300 082 
31 | © 05.079] 0 14.908 | Oo 24.738 | 0 34-567 | © 44 .397 | 0 54-226 | 31 jo .085 
32 © 05 .242 | o 15.072 | © 24.902 | O 34.731 | 0 44 .561r © 54.390 | 32 |0 .087 
33 @ 05 -406 | a X15 2236 | o "25.065 | 0 34 .805 || O 44.724 | © 54-554 | 33/0 .c90 
34 © 05.570 ]°O 15 .400 | 0° 25 .229 | Oo 35.059 | © 44..888 Oo 54.718 | 34/0 .093 
35 | Oo 05-734 | o 15 .563 | © 25 -393 | © 35 -223 | O 45.052 | © 54 .882 | 35 Jo .096 
36 oO 05.898 | o 15.727 | © 25.557 | © 35 -386| 0 45.216 | 0 55 -046 | 36 Jo .098 
37 © 06 .962 ]-o 15).891/| © 25.72% | o 35.550 | © 45 .380 © 55 -209 | 37/0 .101 
38 © 06).225 | 0 16.055 | 0. 25 .885 | o 35..7174 | © 45 2544 1 -O §5°-373 | 38 }o .104 
39 © 06.389 | o 16.219 | o 26.048 | o 35 .878 | © 45.707 | 9 55 -537 | 39 |o 106 
40 © 66.553] 0 16.383 | o 26.212 0 36.042 | 0 45, 872 © 55-701 | 40/0 .109g 
41 © 06.717] 0 16.546 | o 26.376] 0 36.206 | 0 46.035 |/o 55 .865 | 41 Jo .112 
42 o 06 .881 | o 16.710 | 0 26.540 | 0 36.369 | © 46.199 | © 56.028 | 42 Jo .115 
43 0 07.045 | 0 16.874 | 0 26.704 | 0 36753 Oo 46.363, 0 56.193 |" 43/6157 
44 © 07.208] o 17.038 | o 26.867 | 0 36.697 | o 46 .527 © 56 .356 | 44 |o .120 
45 © 07-372 | 0 17.202 | 0 27 -031 | o 36.861 | 0 46.690 | 0 56.520 | 45 Jo 123 
40 © 07 -536 | o 17.366 | 0 27.195 | © 37.025 | 0 46.854 | o 56 .684 | 46 |o .126 
47 © 07.700 | o 17.529 | © 27.359 | © 37.188 | © 47.018 | o 56.848 | 47 |o -128 
48 © 107 2864 Io 17 n603 No! 2772523 | 0. 37 «352 || 0 47 -1825) 0 57 -orr))| 48 |o .13x 
49 © 08 .027 | o 17.857 | 0 27 .687 | 0 37.516 | O 47 .346 © 57-175 | 49 |o .134 
50 © 08.191 | o 18.021 | 0 27.850] 0 37.680] O 47.510 | O 57 -339 | 50 JO -137 
51 o 08 .355 | o 18.185 | o 28.014 | 0 37 .844 | 0 47 .673 | © 57 -503 | 51 |O -139 
FS © 08 .519'| o 18.349 | 0 28.178 | oO 38 .co8 | © 47.837 | © 57.667 | 52/0 .142 
53 o 08 .683 | o 18.512 | 0 28.342 | o 38.171 | O 48 .oor °o 57 -831 53 JO -145 
54 o 08 .847 | o 18 .676 | 0 28.506] 0 38.335 | Oo 48 .165 © 57-994 | 54 |O -147 
55 © 09 .o10 | o 18.840 | 0 28.670] o 38.499 | 0 48 .329 | 0 58.158 | 55 |O -150 
56 © 09.174 | 0 19.004 | 0 28 .833 | 0 38.663] O 48 .492 © 58 .322 | 56/0 .<53 
7 © 09 .338 | o 19.168 | o 28.997 | 0 38 .827 | o 48.656 | o 58 .486 | 57 Jo eeOe 
58 © 09.502 | o 19.331 | o 29.161 | o 38.991 | O 48 .820 o 58 .650 | 58 ]o0 -158] 
59 | 0 09 .666] o 19.495] 0 29 .325 | 0 39-154 | 0 48 -984 | O 58 .814 | 59 0 - 101 

For 
Sid. oh zh gh 30 4h st Seconds. 


284 GEODETIC ASTRONOMY. § 201. 


CONVERSION OF SIDEREAL TIME INTO MEAN SOLAR. 


Correction to be subtracted from a sidereal interval to obtain the corresponding mean time 


interval. 
; h h h h h h For 
Sid. f 7 s 9 a zs Seconds. 
om | of” 588.977 | 1™ 08".807 | 1™ 18%.636 | 1™ 288.466 | 1™ 38°.206 1™ 489.125 08| 08.000 
I Oy 80.640 | LOS O72 he 1S). 800) |) 285.030)l|/ a, 63815459 I 48 .289 I |0 .003 
2 ©) 150-305 || 1 09735) | er 004 Ix 28704) 1) 38 5623 I 48 .453 20 .005 
3 © 56'.469 | © 09.208 | 5 19 .228)] T 28.958) IF 38 2787 I 48 .617 3 |0 .008 
4 © 50-633 | © 9 .462) || % 19.2927] © 29 .12t)| FY 38 95 1 48.780 4|0O .otr 
5 ON 591790 |) Ts OG O2Onler. TOn4 50), 182015 2650)|) Tego) nas I 48 .944 5 |° .014 
6 © 59 -960 | I 09.790 | 27 19.619 | I 29 .449 T3902 70 I 49 .108 6 |o .016 
7 Ty FOO e241 1) POO MOSa nel 1O'.753) 18 Xn 2OOns I 39 -442 LL 49).272 7 \0 .019 
8 I oo .288 | I 10.118 | 1 19.947 | I 29.777 | I 39 .606 I 49 .436 8 |o .022 
9 £ O6%452) F FoUneeuih fh (zo .rrn | 1 9201-940: (1) 40... 770 I 49 .600 9 |o .025 
Io I 00 .616 | I 10.445 | I 20.275 | I 30.104 | 1 39 .934 1 49 -763 | 10 ]o .027 
Il I 00.779 | 1 10.609 | I 20.439 | 1 30-268 | rt 40 .098 I 49 927 | 11 |o .030 
12 I 00 .943 1 10 +773 1 20 .602 1 30 .432 I 40.261 I 50 .0g1 12) |Omo3e 
13 DP) Or .107, E) }X01937))|) 1) 20.766") TF (30 3596. || x “40425 I 50 .255 13 |o .035 
14 i 01 27% | © "Er «100 } 1 “Zo .930'| I (330 +760: | 1 40).589 I 50.419 | 14/0 .038 
15 Tor 435 I 11 .264 I 21 .094 TesOu923 1401-753 I 50 .483 I5 |o .o41 
16 TOL 500N| Xm grred2o: e218. 259) (Xe 3st cOS70! eNN N40 6007, I 50.746 | 16 |}o .044 
07, Te OyG tyke |) 2 28m eGieey yy) 36 eae ees oe ahd oesehy |] ae 7% folehs £. 56..910.'| 37 lo so40 
18 ie TOI || IS bos yon. Bae Scie Th aha Gis ET 4 .244 Sn .074 18 }o .049 
19 I 02.090 | I Ir .920 | § 21% .749 | 1 31-579 | I 42 -408 I 51 .238 | 19 |o .o52 
20 On 254 (|) b eke [09S °F ize ong) E St 743 | 1 40 Jaze I 51 .402 | 20]9 .055 
21 PeLO2 ATC) | Xe. 2478 1 | 22, -077))|| 1 aS) -900))|| 1 14m .780 I 51.565 | 21 |0 .057 
22 I o2 .582 6 UR Cust Ty 225,240 I 32 .070 I 41 .goo TSH 07200822 10 O60 
23 102.745 |) © 12 575) |) & 22 .4o4 | ko 32-234 91 Fao 064 I 51 .893 | 23 |o .063 
24 TIO2 9.000) |" De I29730Nl me 222508 I 32 .398 DT A42.227, 1 '52..057, | 24) |lo, .c60 
25 x Ce hieyA || bc Se.6Cee | os HE Ep oo seh aters || a eez cies I 52 .22r | 25 |o .068 
26 TeO3/ 6237, sl do COOO NET | 22). 8o0Nlmr 8S21.720)/" Tudou n os I 52 -385 | 26/0 071 
27 i 09-40% | T) 19.4230 | fT 23 060.) 1 32 880 | 2 427.729 L 52.548 | 2710 .o74 
28 EP OS 504 ko eg 304" | T0230 2240/9 337 OsstiieT 642) 188s I 52.712 | 28]0 .076 
29 Zi) 03-728 | x) 19) 588 | S23 a87, er =33 7.207 | t 43) 047, I 52 .876 | 29/0 .079 
30 ti, (03 0502) ||) 1 903) .9220 | Ieee Rer | 233.98) 2 49) nero 1 53-040 | 30/0 .o82 
31 t O4 -O500|) 1 13.880" 1 2a 75 |) 1k 33015451) 143.374 I 53.204 | 31 Jo .085 
32 Tr O4.2220 lt) 14.049) F j29)870) Wen 693.708.) 1 43538 I 53-368 | 32/0 -087 
33 TH O4) +304) lier) tk4 7.22 30)|) Xs 24 oda: ek | Soi. 072 1 43 .702 m Gerosin 33 |0 .cgo 
34. | © 04-547 | x 14-377 | £ 24.207] 1 34 036] r 43 .866 | x 53 -695 | 34 }0 093 
35 I 04 -7II im HE SGy be © 24.370 | £ 34 s200°|' 1 44 .029 I 53 -859 35 |} 0 .096 
36 104.875 | 34 .7OS | Lk ea wiggg | F 934.364) B44 x05 I 54 .023 | 36/0 .098 
37. | r 05-039] x 14.868 | 1 24 .698 | 1 34-528 | 1 44.357 | t 54-187 | 37/0 .101 
38 ih Os nee ee By ceEe || Ge i etley || 88 “eye ere |) oc wel ate I 54 .351 | 38 |} 0 .104 
39 tH 052.307)| vy 25. TOO r 25 026 NE 34 (See Woda 685 I 54.514 | 30/0 .106 
40 £105 4530] ¥ 15 ..3007] <1 25.190 | 2) 35 OF I 1 44 S40 1 54.678 | 40]0 .109 
41 Te O5-004) | fe 1552455] 25.353") = 35-85 I 45 .o12 by 54.842 | 4n lo .112 
42 i hpi ss Meas | te PER | 29 ei seven re CRY aii) I 55 .006 | 42/0 .115 
43 T, 06 5023) £ 45,0555 ly. 125.768x. 9 BR Sua n 45/6340 ©) 155.6170) ||| 43) jo z27 
44 F 00.486.) 2 16.045 |) zy *25) Sag) E35 2674 [9 45: 504 I 55 -333 | 44/0 .120 
45 I 06.350] t 16.179] 1 26.009] I 35.838 | 1 45 .668 i 55.497 | 45 |. .123 
46 ©] 00503) 2 16343 lex. 261.272) |) 1h 301 0020) 914s) O32 £, (56.667 "46. |'o:. 160 
47 E06) 077) || 2126 “50701 a 205936)! 1 630), 260 IT 45.005 I 55 .825 | 47 |0 .128 
48 1306).841 | x 16.1677) |r. 205000) 9b SO 330 an 461.7159 tT 55 -989 | 48]o.131 
49 I 07 .005 | x 16 .834 | 1 26 .664 | I 36.493 | & 46 .323 E 56.153 | 49 |0 .134 
50 I 07.169] zt 16.998] x 26.828] 1 36.657] 1 46 .487 r 56 .316 | sojo .137 
51 Q 07.332 | 1 17 .%62'| x 26.092 | 2 36) \8er | x 46:65 I 56.480 | 51 |0.139 
52 Z 07-496 || ry 17.920) x e7r55 |) F 36 085 | 1 46.815 I 56 .644 | 52]0.142 
53 I 07 .660/ 1 17.499 | x 27.319 | 1 37-149 | © 46.978 | 1 56 .808 | 53/0 .145 
54 | I 07 .824 | 1 17.654 | x 27.483 | I 37-313 | § 47.142 | 1 56.972 | 54] 0.147 
$5 E07 -988) |) 2 17.827" |x) 27) 4647 | 2 397.470) | t 4724306 i ¥57 .B36 Tiss io 1250 
56 THOS th 2e lek 7 6 OOu) ele e277, OT) utes 7 OLN IMA TERA 7 O ft .57 -209 | 56 ]o .753 
57 | t 08.315 | r 18.145 | r 27.975 | 1 37-804 | I 47 .634 | I 57 -463 | 57] 0.156 
58 ¥ 0892479) ||| X 18309 |x 28) 538 1 F937 2908! |r 47/2707 I 57 .627 | 58]o0.158 
59 1, 08.4043 | X 918).473 | 1) 28) 902) |r 38.0392) ered 7.901 De 57 GOL 59 !o .161 
h h h h h For 
Sid. et 7 8 9 oe t2 Seconds. 


§ 291. CONVERSION TABLES. 285 


CONVERSION OF SIDEREAL TIME INTO MEAN SOLAR. 


Correction to be subtracted from a sidereal interval to obtain the corresponding mean time 


interval. 

; b h h bh bh h For 
Sid. 12 13 14 15 16 tT; Seconds. 
o™ | 1™ 578.955 | 2™ 078.784 | 2% 178.614 | 2™ 279.443 | 2™ 378.273 | 2™ 478.102 o® of ..000 
I Z  §8 «19 |) 2 ‘07 .948 || 2 17.1778 || 2--277.607 || 2 37 .437 | 2 47 2266 I |0 .003 
2 I 58 .282 | 2 08 .112 | 2 17 2941 | 2 27.771 | 2 37 .601 | 2 47.400 2/0 .005 
3 r 58.446 | 2 08 .276| 2 18.105 | 2 27.935 | 2 37.764 | 2 47 .594 3 |° .008 
4 r 58.610 | 2 08.440 | 2 18.269 | 2 28.099] 2 37.998 | 2 47 .758 4 |O .o1r 
5 tHe 591-774 12) 08) .003,|/ 2 38).1493 | 2) 28.1263 a 38%. 0092) || 2 47.922 5 )° .o1g 
6 I 58.938 | 2 08.767 | 2 18.597 | 2 28.426 | 2 38.256 | 2 48 .085 6 |o .016 
7 I 59-104 | 2 08 .o3r | 2 18.761 | 2 28.590 | 2 38.420 | 2 48 .249 7 |° .019 
8 I 59-265 | 2 09.095 | 2 18.924 | 2 28.754 | 2 38.584 | 2 48 .413 8 |o .o22 
9 I 59 -429 | 2 09 .259 | 2 19.088 | 2 28.918 | 2 38.747 | 2 48.577 9g |O .025 
ik) (LO I 59-503 | 2 09.423] 2 19.252 | 2 29.082] 2 38 .91r | 2 48 .74r Io |O ,027 
II I 59+757 |! 2 09 586) 2 19.416 | 2 29 .245 | 2 39.075 | 2 48 .go5 , 11 |O .030 
12 I 59-921 | 2 09.750] 2 19.580 | 2 29 .409 | 2 39-239 | 2 49 .c68 | 12]|0 .033 
13 2 00 .084 | 2 09.914 | 2 10.744 | 2 29.573 | 2 39 .403 | 2 49 .232 | 13 |0 .035 
14 2 00 .248 | 2 10.078 | 2 19.907 | 2 29.73 2 39-566 | 2 49 .396 | 14 |0 .038 
15 2 200). 412) | 25 TO), 242) || 2020 .071) | 2) 920 .90F ||| 211° 30°.1730'|/ 2 1497. 500 15 |0 .041 
16 2 00.576 | 2 0.405 | 2 20.235 | 2 30.065 | 2 39.894 | 2 40.724 | 1610 .044 
17 2 00-740 | 2 10.569 | 2 20.399] 2 30.228] 2 40.058 | 2 49 .888 | 17 |0 .046 
18 2 00.904 | 2 10.733 | 2 20.563 | 2 30.392 | 2 40.222 | 2 50.051 | 18 |o .049 
19 2 or .067 | 2 10.897 | 2 20.727] 2 30.556 | 2 40.386] 2 5so.215 | 19 |o .052 
20 2 OF -231 | 2 ‘rr .061 | 2 20.890] 2 30.720 | 2 40.549 | 2 50.379 | 20]0 .055 
21 2 “Ol 393 | 2 TH .225 | 2 2: 054 | 2 305884} 2 40.713 | 2 50.543 | ot 10 057 
22 2 O1.5590 | 2 11.385 | 2 21.218 | 2 31 .048 | 2 40.877 | 2 50.707 | 22 ]0 .o60 
23 2 OL .723 | 2 Ir .552 | 2 21 .382 | 2 31 .2t1 | 2 4r.o4r | 2 50 .870 | 23/0 .063 
24 2 or .687 | 2 15.716 | 2 2: .546| 2 3x .375 | 2 41.205 | 2 51 .034 | 24/0 .066 
25 2 02.050] 2 11.880] 2 21.709 | 2 31.539 | 2 41.369 | 2 51.198 | 25]0 .068 
| 26 Z (oe. .2t4. li 2) a2 .044 || 2 (2k) .873' || 2° 31.703 S 41 532 | 2 5.362, | 26 |e sort 
27 2 02.378 | 2 32.208 | 2 22 .037 || 2, 31.867 | 2 41 .696 | 2 51.526 | 2710 .074 
28 2 02,542 | 2 12 .37t | 2 22.200 | 2 32.032, 2° 41 .860 | 2 51.690 | 28'|0 .076 
29 2 02.706 | 2 12.53 2 22.365 | 2 32.194 | 2 42.024 | 2 51 .853 | 29 |0 .079 
30 2 o2 .869 | 2 12.699 | 2 22.529 | 2 32.358 | 2 42.188 | 2 52.017 | 30/0 .082 
31 203.033) ||) 2) 21.603) 222) 002 2) 32y, 522 2 42 6352 | 2 52 .08r | 37 |'o .085 
32 2 03.107 || 2 13 .027 || 2) 22/856 |-2 32.686 | 2 42.515 | 2 52.345 || 32 10).087 
33 2 03.361 | 2 13.191 | 2 23.0207 2 32.850 | 2 42.679 | 2 52 .509 | 33/0 .c90 
34 | 2 03 525 || 2 13.354 || 2 23 .184 | 2 33 013 | 2 42 843 | 2) 52.673 | 34']01,093 
35 2 03.089 | 2 13.518 | 2 23.348 | 2 33.177 | 2 43.007 | 2 52 .836 | 35 |0 .096 
36 2 03) .052' || 2) 143°.682 || 2) (23.5127! 2 933..94r | 2 43.57% | 2 53.000) | 36 10008 
37 DMOd GOLG, ll 2eeXaNcO40 eu 2Gn075 sea s3m 5054 e243) O34 lee 53). 1T04. 1065 70h ator 
38 2 04.180 | 2 14.010] 2 23 .839 | 2 33.669 | x 43.498 | 2 53 .328 | 38 |o .104 
39 2eLOMNs 4 4ulluzierdiet73" || 2 ed 003) Pau 3s633 | uanaer002) | 2m 635492) n0onr00 
40 2 04.508 | 2 14 .337 | 2 24.167 | 2 33.966] 2 43 .826 | 2 53 .656 | 40 |0 .109 
41 2 04.672 | 2 14.505 | 2 24 .331 | 2 34.160] 2 43.990 | 2 53 .819 | 41 |o .112 
42 | 2 04 .835 | 2 14.665 | 2 24 .495 | 2 34-324 | 2 44-154) 2 53 .983 | 42 |0 -115 
43. | 2 04.999 | 2 14.829] 2 24.058 | 2 34 .488 | 2 44.317 | 2 54.147 | 43 Jo -117 
44 | 2 05.163 | 2 14.993 | 2 24 .822 | 2 34.652 | 2 44 48x | 2 54.311 | 44 |0 «120 
45 2 05 .327 | 2 15 .156| 2 24 .986 | 2 34.816 | 2 44.645 | 2 54 .475 | 45 |0 .123 
46 2 05.491 | 2 15 .320|] 2 25.150] 2 34.979 | 2 44 .809 | 2 54 .638 | 46/0 .126 
47. | 2 05.655 | 2 15.484 | 2 25.314 | 2 35-143 | 2 44-973 | 2 54 .802 | 47 |o .128 
48 2 08 .818 | 2 15 .648 | 2 25 .477 | 2' 35 -307-| 2 45.137,| 2 54.966 | 48/0 .131 
49 2 o5 .g82 | 2 15 .812 |] 2 25.641 | 2 35-471 | 2 45.300] 2 55 .130 | 49/0 .134 
50 | 2 06.146 | 2 15 .976| 2 25.805 | 2 35-635 | 2 45.464 | 2 55 .204 | 50]0 +137 
51 2 06.310] 2 16.139] 2 25 .969 | 2 35-798 |-2 45.628 | 2 55 .458 | 51 Jo -139 
52 2 06.474 | 2 16.303 | 2 26.133 | 2 35.962) 2 45.792 | 2 55 .621 | 52 ]0 .142 
53 2 06 .637 | 2 16.467 | 2 26.297 | 2 36.126] 2 45.956 | 2 55.785 | 53|0° +145 
54 2 06 .8or | 2 16.631 | 2 26.460 | 2 36.290] 2 46.120] 2 55 .949 | 54 |0 -147 
55 2 06.965 | 2 16.795 | 2 26.624 | 2 36.454 | 2 46.283 | 2 56.113 | 55 |O-150 
56 2 07.129 | 2 16.959] 2 26.788 | 2 36.618 | 2 46.447 | 2 56.277 | 56 Jo -153 
57 2 07 .293 | 2 17.122] 2 26.952 | 2 36.781 | 2 46.611 | 2 56 .44t | 57 Jo -156 
58 2 07 .457 | 2 17.286] 2 27.116 | 2 36.945 | 2 46.775 | 2 56.604 | 58 }0.158 
59 2 07.620] 2 17.450] 2 27.280] 2 37.109 | 2 46.939 | 2 56.768 | 5g 'o .16r 
Sid 12h ey 14h 15% 168 x7” Senta 
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CONVERSION 


GEODETIC ASTRONOMY. 


§ 291. 


OF SIDEREAL TIME INTO MEAN SOLAR. 


Correction to be subtracted from a sidereal interval to obtain the corresponding mean time 


Sid. gh 19 

om] 2 56*.932 | 3™ 06%. 762 
It 2 57.096 | 3 06 .925 
2 2 57.260 | 3 07 .089 
3 | 2 57-424 | 3 07 -253 
4 | 2 57.587 | 3 07 -417 
5 2 87.751 | 3° 07 .53x 
6 | 2 57.915 | 3 07 -745 
7 2 58 .079 | 3 07 .g08 
8 2 58\ (243 | 3. 08) .0772 
9 2 58.406 | 3 08 .236 
10 2 58.570 | 3 08 .400 
Ir 258.934 | 3 (09 -564 
12 2 58.898 | 3 08 .728 
13 2 597.002 |) 3. 108: 897 
14 | 2 59.226 | 3 09 .055 
15 | 2 59-389 | 3 09 .219 
16 | 2 59.553 | 3 09 -383 
17 | 2 59.717 | 3 09 -547 
18 2 59.88% | 3 09..710 
19 | 3 00.045 | 3 09 .874 
20 3 00.209 | 3 10 .038 
2r 3 00 2372 | 3 Io .202 
22 3) 0014536) || 3 101.366 
23 39,007.00) |, a1O7. 530 
24 3 00 .864 | 3. 10 .693 
25 3 Of 028 | 3 10 .857 
26 BOL at020)|| 308 15.021 
27 3, OF 355) 8 2F 2185, 
28 3. Of {819 | 3 x2 .340 
29 3. OF ,683))) 3 Ex. 553 
30 3 OF .847 | 3 xx .676 
31 B02 CLE. | 3910-840 
32 3 02.174 | 3. F2 .004 
33 3)02).338 |) 3. 12.268 
34 B02). 5020s t2e362. 
35 3 o2 666 | 3 12.49 
36 3-02 .830 | 93° 12.659 
37 | 3 02.994 | 3 12 .823 
38 | 3 03.157 | 3 12 .987 
39 ey Ce Garage) eee) cos 
40 | 3 03.485 | 3 13 .315 
4t 3 03 .649 | 3 13 -478 
42 | 3 03 .813 | 3 13 .642 
43 | 3 03.977 | 3. 13 -806 
44 | 3 04.140 | 3° 13 .970 
45 | 3 04.304 | 3 14 -134 
46 3 04.468 | 3 14 .298 
47 | 3 04 .632 | 3 14 .461 
48 | 3 04.796 | 3 14 .625 
49 | 3 04 .960 | 3 14 .789 
50 | 3 05 .123 | 3 14 .953 
51 3 05 (287) 3) 15). 179. 
52 Bi Osne 4520 50 x5 200 
53 || 3 05.615 | 3 15 -444 
54 | 3 95.779 | 3 15 .608 
55 305) .042 | 3) 45-772 
56 3 06 .106 | 3 15 .936 
57 3 06.270 | 3 16.100 
58 3 06 .434 | 3. 16 .264 
59 3 00).508) 193.10). 427 
Sid. 18h 1g 


interval. 

ao = azh a3 eenae 
3™ 16%. 59m | 37 268.421 | 3™36%.250 | 3™ 46°®.080 0*| 08 .000 
3 16.755 | 3 26.585 | 3 36.414 | 3 46.244 I | .003 
3 16.919 | 3 26.748 | 3 36-578 | 3 46.407 | 2]0 .005 
3 i708 uz 26.912 | 3° 36.742. | 3 OL S75 3|0 .008 
3 37.246 | 3 27 .076 | 3 36.906 | 3 «46 .735 4|0 .o1r 
3. 17 .410 | 3 27.240 | 3 37 -069 | 3 46 .809 5 |O .014 
3 17-574 | 3 27-404 | 3 37 +233 | 3 47 -063 | 6)0.016 
3 17.738 | 3 27.568 | 3 37-397 | 3 47-227 | 7]0.019 
3 17.902 | 3 27.731 | 3 37-561 | 3 47-390] 8/0 .o22 
3 18 .066 | 3 27 .895 ; 3 37-725 | 3 47-554] 9 ]0 -025 
3 18.229 | 3 28.059 | 3 37.880 | 3 47.718 | 10 |0 .027 
3 38 903 | 3. 28.229] 9s" 38 .052 | 3 47.882 4) zr lo +030} 
3 18 .557 | 3 28.387 | 3 38.216 | 3 48 .046 | 12 |0 .033 
318) 372% |, 3) 25.4550 || 63 SoaessO ng (4502101 era il'o: 035, 
3 18 .885 | 3 28.714 | 3 38 -544 | 3 48 -373 | 14] 0 .038 
3 19.049 | 3 28 .878 | 3 38.708 | 3 48 .537 | 15 | 0 .o4r 
3, 19).212) || 3: 20) .042 | 338.872 3) 48 u70r | 16 |o 044 
3) 198.376)" 3) 294206 ||| 3/39 -035 ||" 3) 48.- 8658 tz or. o46 
3 1G .540 | 3 29 .370] 3 39-199 | 3 49 -029 | 18]0 .o49 
3 19.704 | 3 29.533 | 3 39 -363 | 3 49 -193 | 19] 0 .o52 
3 19 .868 | 3 29.697 | 3 39.527 | 3 49 -356 | 20] 0 .055 
3 20.032 | 3 29.861 | 3 39 .6gr | 3 49 .520 | 21] 0 .057 
3 20.195 | 3 30.025 | 3 39-854 | 3 49 .684 | 22/0 .o€o}| 
3 20.359 | 3 30.189 | 3 40.018 | 3 49 .848 | 23] 0 .063 
3 20.8234) 3) 301.358) 3 40-202) | 3 56.082 |} 2410 2066 
3) 208.087 13) 305.510) 13 40.3463) BOlnt 75 \wonil oO 008 
3° 20.855 || 3 130..680| 3 40.510"! 3 50 .339 | 26))0 .o72 
3 22.014 | 3 30.844 | 3 40.674 | 3 50.503 | 2710 .074 
3 2% «178 | 3 31 .008 | 3 40 6837 | 3 50.667 | 28 | 0 .076 
3 22 1342: |" 3 32-872 | 3 4t .cox | 3 50°. 83x || 20']\o 1079 
3 2m 500: 3° 31.336 | 3 42 .¥65 || 3° 50 6095 | 301] 0 .o82 
3 257670, 450 310..409 "3,743 329.) 3 (Shatso: | ise lio cds 
8) 21°2834" | 3) a1 (663))|| 3) 4.403) |) 39 5x 822) |) 92 lo .087; 
3 21.997 | 3 31 .827 | 3 41-657 | 3 51 .486 | 33} 0 .090 
3) 22) -xOnn || $9) ar 699% ||) 3) 42-1920) (3 511.050 | s4ulioro03 
3 22.325 | 3 32.155 | 3 41 .984 | 3 51 .814 | 35 | o .096 
3 22.489 | 3 32.318 | 3 42.148 | 3 51x -978 | 36] 0 .008 
3 22.653 | 3 32 .482'| 3 42.312 | 3 52 .141 | 37 | 0.107 
3 22.87 | 3 32.646 | 3 42 .476 | 3 52 .305 | 38} 0 .104 
3 22.980 | 3 32 .810 | 3 42 .639 | 3 52 .469 | 39} 0 .106 
3 23.144 | 3 32-974 | 3 42 .803 | 3 52 .633 | 40] 0 .109 
3 23.308 | 3 33-138 | 3 42.967 | 3 52-797 | 41 | 0.112 
3 23.472 | 3 33 .301 3 43-131 3 521.008 | 4201/0) «525 
3 23.636 | 3 33-465 | 3 43-295 | 3 53-124 | 43|0.117 
3 23 .800 | 3 33-629 | 3 43-459 | 3 53 -288 | 44] 0.120 
3 23 .963 | 3 33-793 | 3 43-622 | 3 53 .452 | 45|0.123 
3 24.127 | 3 33-957 | 3 43-786 | 3 53.616 | 46]0 .126 
3 24.291 | 3 34 -T2t | 3 43.950 |. 3 53.780 | 47 | 0.128 
3 24-455 | 3 34-284 | 3 44-114 ) 3 53 -943 | 48] 0.131 
3 24.619 | 3 34-448 | 3 44.278 | 3. 54 -107 | 49 | 0 «134 
3 24.782 | 3 34 612 | 3 44 442 | 3 54.271 | 50/0 .137 
3 24.946 | 3 34-776] 3 44-605 | 3 54 .435 | 51/0 .139 
3 25.110 | 3 34-940 | 3 44-769 | 3 54-599 | 52] 0.142 
3 25.274 | 3 35-104 | 3 44 .933 | 3 54 -763 | 53] 0.145 
3 25 -438 | 3 35 +267 | 3 45-007 | 3 54 .926 | 54] 0 .147 
3 25 602 | 3 35 +-43t |} 3 45-261 | 3 55 .090 | 55/0 .150 
3 25-765 | 3 35-595 | 3 45 +425 | 3 55 +254 | 50]0 .153 
3 25.929 | 3 35-759 | 3 45 588 | 3 55 +418 | 57 | 0.156 
3 26 .093 | 3 35 -923 | 3 45-752 | 3 55 -582 | 58} 0 .158] 
3 26.257 | 3 36.086) 3 45.916 | 3 55 1746] 59 10, 162 

Zo. pe ont gg 2 Fose aa 


24 sidereal hours = 24 —[3™ 55*.g09] of mean solar time. 


§ 292. TABLES. 287 


292. CHANGE PER YEAR IN THE ANNUAL PRECESSION IN 
DECLINATION. 


In units of the fifth decimal place (unit = 0/’.00001). 


da 
The side argument ( =”) is the annual variation in right ascension. (See § 42.) 


day, Right Ascension (a,,). 
“dt 

ob oom | ob 20m | ob gom | rh oom | rh 20m | yh gom | 2h oom | gh gom | gh yom 
08.0 =f 20) —8 —§8 a's) = —§ —7 —4 
Ty.) 9 20 34 46 58 69 80 gl 100 
if Gal 9 23 36 50 63 76 88 99 IIo 
a2 9 24 38 53 68 82 95 107 IIg 
i GB 9 25 4I 57 73 88 102 116 128 
Tay: 9 26 44 61 78 94 110 124 138 
Tes5 9 28 46 65 83 100 117 132 147 
T.6 9 29 49 69 88 106 124 I4I 156 
at Ay 9 30 51 72 93 ithe 131 149 166 
1.8 9 31 54 76 98 119 139 158 175 
iO 9 33 56 80 103 I25 146 166 185 
2.0 9 34 59 84 | 108 131 ce 194 
7) eat 9 35 62 88 113 137 161 183 203 
2.2 9 36 64 gI 118 143 168 191 213 
of’ 9 38 67 95 123 150 175 199 222 
Py oft 9 39 69 99 128 156 182 208 232 
OF aig 9 40 72 103 133 162 190 216 241 
2.6 9 42 74 106 138 168 197 224 250 
2.7 9 43 77 IIo 143 174 204 233 260 
Dots 9 44 79 114 148 180 212 241 269 
yo) 9 46 82 118 153 187 219 250 278 
3.0 9 47 84 121 158 193 226 258 288 
3-1 9 48 87 125 163 199 234 | 2066 297 
3.2 9 49 89 129 168 205 241 275 306 
B73 9 51 92 133 173 211 248 283 316 
3) ofl 9 52 94 136 178 218 255 291 325 
BS 9 53 97 140 183 224 263 300 335 
3-6 9 54 99 144 188 230 270 | 308 344 
Ba9f 9 56 102 148 193 236 277 316 353 
3 of 9 57 104 151 197 242 284 325 363 
259 9 58 107 155 202 248 292 333 372 
4-0 9 60 b@ fe) 159 207 254 299 342 381 
5.0 9 72 135 197 257 316 372 | 425 475 
6.0 9 85 160 | 234 307 377 445 509 569 
7.0 9| 7 98 TSO |(e2 72) |eS5 7 ASO ms Sal, 9593 663 
8.0 —g |— I10 |— 211 |— 310 |— 407 |— 501 |— 501 |— 676 | — 756 

t2h oom |r2h 20m {12h 4gom }13h oom |13h 20M |13b ‘gom |14h oom |14h 20m | 14h yom 

| 


Right Ascension (a,,). 


Change all signs when using this lower argument. 
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GEODETIC ASTRONOMY. 


§ 292. 


CHANGE PER YEAR IN THE ANNUAL PRECESSION IN 
DECLINATION. 


In units of the fifth decimal place (unit = 0/’.o0001), 


day, 
The side argument (>) is the annual variation in right ascension. 


day, 


“dt 


0000 0D DU OMA HHOD MU ANPH HHOO OWI ANHWNHOO 


COST CNS C015! GoGo: GoGo Ga GoGo Uonbo! b) RoNtO RO tontol PON LOND) MEU ieee sO: 


Right Ascension (a,). 


gh oom 3h 20m gh 4om 
—6 —6 —5 
109 Il7 124 
120 128 136 
130 140 148 
140 I51 160 
150 162 172 
161 173 184 
I7I 184 196 
181 195 208 
192 206 220 
202 218 232 
212 229 244 
222 240 256 
233 251 268 
243 262 280 
254 274 292 
264 285 304 
274 296 316 
284) 307] 327 
295 | 318 | 339 
305 330 351 
315 340 363 
326 352 Wis) 
336 | 363 | 387 
346 | 374 399 
357 | 385 | 411 
367 | 396] 423 
377 | 408 | 435 
388 | 419 | 447 
398 | 430] 459 
4o8 | 44t}] 471 
418 452 483 
522 564 602 
625 676 722 
728 787 841 

— 831 |— 899 |— 961 

15> oom) rsh 2gomj rsh yom 


45 oom 


ae: 
131 
143 
156 
168 
18r 
194 
206 
219 
232 
244 
257 
270 
282 
295 
307 
320 
S33 
345 
358 
370 
383 
396 
408 
421 
434 
446 
459 
472 
484 
497 
510 
636 
762 
888 
— 1015 


16h oom 


4h 20m 


—=4 
136 
149 
162 
176 
189 
202 
215 
228 
242 
255 
268 
281 
294 
308 
321 
334 
347 
361 
374 
387 
400 
414 
426 
440 
453 
466 
480 
493 
506 
519 
532 
665 
797 
929 
— 1061 


16h 20m 


4b gom 


= 
140 
154 
167 
181 
195 
208 
222 
236 
250 
263 
277 
291 
304 
318 
332 
346 
359 
373 
387 
400 
414 
428 
441 
455 
469 
482 
496 
510 
524 
537 
551 
688 
825 
962 
— 1099 


16h 4om 


5h oom 


—2 
143 
157 
I7I 
186 
200 
214 
228 
242 
256 
270 


312 


Right Ascension (a,,) 


Change all signs when using this lower argument. 


422 
437 


§ 292. TABLES. 289 


CHANGE PER YEAR IN THE ANNUAL PRECESSION IN 
DECLINATION. 


In units of the fifth decimal place (unit = 0/’,00001), 


da 
The side argument (+) is the annual variation in right ascension. 


do,, Right Ascension (a,,). 


6h om | 6h 20m | 6h gom | 7h oom | 7h 20m | 7h gom } 8h oom | Bh 20m | gh yom 


OW re hips tet re 13); eal leet 
— 146] — 144) — 142) — 139] — 134] — 128) — 122;— 115 |— 106 
160 159 156 153 148 142 135 17) 117 
175 174 171 167 161 I55 147] 139 129 
190 188 185 181 175 168 160} 150 140 
204 203 200 195 189 181 L772 eeLOe 151 
219 217 214 209 202 195 185| 174 162 
233 232 228 223 216 208 198} 186 173 
248 246 243 237 230 221 210} 198 184 
262 261 257 251 244 234 223) 210 196 
gf G] 275 271 265 257 247 236) 222 207 
292 290 286 280 271 261 248) 234 218 
306 304 300 294 285 274 261; 246 229 
321 319 315 308 298 287 274| 258 240 
335 333 329 322 312 300 286] 270 251 
350| 348! 343 336) 326; 314) 299] 282] 263 
364 362 358 350 340 327 311; 294 274 
379 377 372 364 353 340 324) 306 285 
394, 391 386 378 367 353 337| 318 296 
408 406 401 392 381 366 349| 330 308 
423 420 415 406 394 380 362) 342 319 
437 435 429 420 408 393 375| 354 330 
452 450 444 434 422 406 387) 366 341 
467 464 458 449 435 419 400, 378 352 
481 478 472 463 449 432 412) 389 363 
496} 493) 487 477; 463} 446 425) 401 374 
510 508 501 491 477| 459 438) 413 385 
525 522 515 505 490 472 450) 425 397 
540 537 530 519 504) 485 463| 437 408 
554 551 544 533 518 499 476| 449 419 
569} 566} 559 547 531; 512 488} 461 430 
583 580] 573 561 545 525 501] 473 | 441 
729 726 717 702} 682| 657 627; 593 553 
875 871 860 843 819 790 754 712 665 
1021; 1016; 1004 984 956 922 880) 831 776 
— 1166|— 1161|— 1148] — 1125|— 1093]— 1054|— I006!— 951 |— 888 


COD00 00 DWYANE HHODO DUANE NHOO DYDAMBYWNHOO 


DWOYAMHPWWHOWWWWWWHWOHNHNNNNDNHNHNNHHHH HHH 


18h oom] 18h zom} 18h 4gom| r9gh oom) rgh 20m] rgh yom] 20h com) 20h zgom) 2oh gom 


Right Ascension (aj). 


Change all signs when using this lower argument, 
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CHANGE PER YEAR IN THE ANNUAL PRECESSION IN 
DECLINATION. 


In units of the fifth decimal place (unit = o/’.00001). 


a. 
The side argument (=) is the annual variation in right ascension. 


da,, Right Ascension (a,,). 
GE 
gh oom | gh gom | gh gom | rob oom] roh 20m} roh 4om} rib oom} r1h gom} rxh 4om 
08.0 +6] +7/ +7] +8/ +8] +8] +8] +8] +9 
1.0 =O) | = Sy | = 70. OS | — Sy |) — 4a | K—2g | =a | =e 
Heol 107 | ° 96 85 73 60 47 33 19 5 
it 118 106 93 80 66 52 37 22 7 
i 33} 128 II5 102 87 72 57 41 24 8 
Ue asdit 138 125 IIo 95 79 62 45 27 9 
Tae5 149 134 118 102 85 67 48 29 Io 
16) 159 143 127 109 gI 72 52 32 12 
1h 39 169 153 135 116 97 Hi 56 34 13 
Th ste) 180 162 143 124 103 82 60 aT 14 
if 6%) bere) 172 152 131 109 87 63 39 16 
220 200 181 160 138 II5 g2 67 42 17 
Ded 210 1g0 | 168 146 Tey) 97 71 45 18 
OO 221 200 W777) 153 128 102 75 47 19 
OY Be: 231 209 185 160 134 107 78 50 21 
afk 241 218 193 167 140 112 82 52 22 
Dee's 252 228 202 175 146 17 86 55 23 
2.6 262 Pe9) 210 182 152 122 go 57 24 
Po'9| 272 246 219 189 159 127 94 60 26 
2S 283 256 227 197 165 132 97 62 a7 
259 293 265 235 204 171 137 IOI 65 28 
3) 3@) 303 274 244 PAO 77 142 105 67 30 
By oii 314 284 252 218 183 147 109 70 31 
2 3304 324 293 260 226 190 152 I12 72 32 
Bi3 334 | 303 | 269] 233 LOO! 15775 | E10 75 33 
3} ol 345 312 eG 240 202 162 120 77 35 
35 355 322 | 286 248 208 167 124 80 36 
3.6 365 331 294 | 255 214 A 127 83 37 
BT, 375 340 302 262 220 176 131 85 38 
3.8 386 350 311 269 226 181 135 88 4o 
3-9 396 359 319 277 233 187 139 go 41 
4.0 406 368 327 284 239 191 142 93 42 
50 509 462 | gaia 357 300 241 180 118 55 
6.0 612 555 494 430 362 291 218 143 68 
7.0 715 649 578 503 424 | 341 256 169 80 
8-0 | — 819 |= 743 |— 662 |—376 |— 485: '||—39T<|— 293 }—-194|-— 93 
21h oom} 21h 20m) 2th 4om| 22h oom| 22h 20m} 22h 4om | 23h oom | 23h 20m | 23h om 


Right Ascension (aj). 


Change all signs when using this lower argument. 
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(See § 66.) 


TABLES. 


298. THE PARALLAX OF THE SUN (/) FOR THE FIRST DAY 
OF EACH MONTH. 


§ 293. 


‘Ons 
ywuaz O00 00 


“4st Aqnf Oni DONE ae Ys, a. DOMES 


‘4st -“Sny MEMO WM FTMNAOD OMAN MHOO FT HAOTH DOMON 
“yst oun{ > 


‘4st ‘ydas COMMO MOTNOD OAHDOM MHHAOtT ADNTtH OO 10 
“yst Avy BS 


“Wst "190 DOOOMOFMHA NtTAD +tAON+t AONTA DAOMON 
. I o~ 
Beane: wmmnmnmnm DHDDADHONM NNOROO OOMMWM nwntt+t+ MOTNMA 
"4st “AON DAHADNDOM™OMMAOD HWADO tAONHM AONWA DO +H 
“4si Ie . 


4st ‘29q CODAM NOTANAO OMMON NAOMM MOMMA ANRTtHO 
“WI “qa ‘ 


Co Ath SG 


*4s1 ‘uel Pe ee Meer eMC SPs. Ne mgCSl e/a te lirem\o" siete) Nieto ie miotire Sus” "el te ys. |e 


° 
SAMMY | OSS erg) Enee 


292 


294. 


GEODETIC ASTRONOMY. 


§ 294. 


MEAN REFRACTION (Ry) BAROMETER 760 MILLIMETERS 


= 29/9 INGHES: 


Temperature 10° C. = 50° F. (See § 68.) 
é 5 eS 5 
Saige §|s & | 3 & |s 
f ‘Ss ae és 5 ag . 3 ag ‘ Pe; a 
2 2 9 ar) 9 rs) 
s es | es || 2 g | 8s 3 @ | 25 s @& |e 
ia ay qd B ao | oS B SNe ces 2 as | a 
Ses Se Sa Sees sii om | SS || 3 Sz | s 
< = Ss) < = Oo <q = S) < = oO 
0° 00/]34/ 08//.6/11/’.66]| 7°00!|7’ 24/’.2] 0/”.95|| 19° 00/]2’ 47’’.6] o/”.16]| 33° 00/|1/ 29/’.4] o// 
10 |32 15 .g/10 .88 10/7 14 .9/0 .9O1 20 44 6/0 .15 20 |t 28 .2/0 
20 |30 31 .1/10 .10 20/7 06 .o]o .88 40 41 .6/0 .15 40 |I 27 .1/0 
30 128 53 .9] 9 -64 30 |6 57 .4/0 .84/| 20 00 38 .7/0 .14]] 34 oo|x 26 .1/0 
40 |27 18 .2] 9 «20 401649 Lal 0 388 20 35. Ole oid! 20 |I 25 .o| 0 
50 |25 49 .8! 8 .50 50 |6 4r .2)0 .78 40 33 -2/0 .13 40 |I 24 .o} 0 
rt 00 |24 28 .3| 7 .82]| 8 00/6 33 .5/0 .76/| 2% 00 30 .6/0 .13/] 35 oo |x 23 .o]o 
To\|23' 13 358 7 «17 10 |6 26 .o|o .73 20 28 .t/0 .13 20|I 22 .o]o 
20 |22 04 .9] 6 .58 20/6 18 ,g]/o .70 40 25 .6|0 .12 40 |I 2t .olo 
30 [21 or .8] 6 .06 30 |6 12 .o} 0 .68}| 22 oo 23 .2| 0 <X2/| 36° oo.|1 20 .0] 6 
40 |20 03 .7| 5 -60 40 |6 05 .3/0 .66 20 20°.9] 0 <I2 30 |r 48 .5| 0 
50 {19 09 .8] 5 .20 50/5 58 -g/0 .63 40 48 4.6)/0 -17)| 37 (00 11 277.110 
2 00/18 19 4 +84|| 9 C015 52 7) 0 .61|| 23 oo TOM All On okx 30) et50 710: 
TONLE 3 35 L140 150) 20/5 40 .8/o .58 20 E4%.2)O.. 22|||) 38. 001|% erg) 410: 
20 |16 49 .7| 4 -18 40'|5 29 ..7/0 54 40 £2 veil Ol LO 30:{1 13) 52\0 
30 |16 09 .5| 3 -88/|/10 00]5 19 .2/0 .51]| 24 00 IO .I/0 .IO/] 39 oo|xr Ir .8/0 
40/125 32 o1/ 93.62 20/5 09 .4/0 .48 20 08 .1]/ 0 .10 30 [EXO “xsl"o 
50 114 57 .1| 3 +39 40 |5 00 .1/0 .46 40 06 © .10/| 40 OO/T O09 .3)0 
3 00/14 24 .3] 3 .18/|II 00 }4 5x .2/0 .43]| 25 00 04 «2/0 .09 30)\7 08 alo 
10 |13 53 .6] 2 .98 2014 42 .8/0 .40 20 02 .4/0 .09]| 4t 00/1 06 .g]o 
20 |13 24 .8] 2 .79 40/4 35 .o]o .38 40 c0 .6/ 0 .09 36 |r 05 . 710 
30 [12 57 .8| 2 .61/|12 00/4 27 .5)/0 .37/| 26 oo 58 .8]0 -og]| 42 oo |r 04 .6]0 
40 |12 32 .5| 2 .46 20|4 20 .3/0 .35 20 57 -1llo) .09 30 |I 03 .5/0 
50)|42 08 .7| 2 33 40 14 13 .5/° -33 4° 55 -4]0 .08]| 43 oo |r 02 4/0 
A OO |1X 46 VO} 2 .20]|/23 0014 07 ~1)/0" 232] 27 (00 Eek cre ior avets} 201k, OL 5310 
IO }TE 24 26/2: .09 20}4 00 .9]0 .30 20 52 .2|0 .08]| 44 oO0]1 00 .2/0 
20 [II 04 .2| 1 .98 4014) 55) BLO es 40 50 .6}0 .08 Slor|te Gis) GEN) 
30 |10 44 .9| r .88]/14 00/3 49 .5]0 ~.27|| 28 00 49 -I/0 .08]] 45 oofo 58 .2/0 
4o |1I0 26 .5] I .79 2013 44 «2/0 .26 20 47) «6110.07; B8o}0 57.2 |ko 
SOLO OG .1) 1 70 40 13530022101 .25 40 46 .t}0 .07]/] 46 oo|o 56 .2/0 
5 00] 9 52 .6] x .61||15 00/3 34 «1/0 -24]| 29 00 44 -6)0 .07 3010 55 -2|0 
Io] 9 36 .g] I .54 20 |3 29 .4/0 .23 20 43 -2}0 -07/] 47 oo jo 54 .2/0 
go} O21 .9| F .46 40 |3 24) .8\ 0 223 40 4q «80 .07 30110) 53) 13/10 
30] 9 07 .6] x .40]/16 00/3 20 .4/0 .22|| 30 oo 40 .5]/0 .07|| 48 oolo 52 «5/0 
40] Oo 54 <0] 1-233 2039/3) TON at LO) 2 20 39 -I/'o .07 30 |o 51 .6J0 
BONG IAL sO]. Tn 27, 40113 12.0} 0 .20) 40 37 -8{0 .06/| 49 oojo 50 .7/ 0 
6 o0| 8 28 .6] 1 .22]|17 00]3 08 .2!0 .19]| 31 00 36 .6]0 .06 30 ]o 49 .8/0 
10] 8 16 .7| x .16 20/3 04 .5/0 «19 20 35 -3/0 .06]| 50 colo 48 glo 
20) 81 05 3] I .12 4013 00 .g}o .18 40 34-.1{0 36 30 1lo 48 .o} o 
BOT Sa es8 +07/|18 00 |2 57 .4/9 .17;| 32 00 32 .Q|0 .06]] sx colo 47 .2/ 0 
40] 7 43 -9| I .02 20'|2 54 .0] © «17 20 31 .8|0 .06 30 jo 46 .3]/ 0 
50}. 7 33 -9] © -98 40 |2 50 -7]/0 .16 40 30 .6]0 .06]| 52 colo 45 .5/0 


Minute. 
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295. CORRECTION TO MEAN REFRACTION 


MEAN REFRAC- AS GIVEN IN §294, DEPENDING UPON. 
TON (qs). Conia. THE READING OF THE BAROMETER. 
R= (Ryj)\(CpV(Cpi(C4). (See § 68.) 
g ; a) a 5 
2 i) i uo 4 ud ra 23 
= oe ag » 7) v ow o Oo 
S & | e4 Seek eal eer ee eg | og 
SIPC eS ieee Sees Slowed | oF eels ee meg 
ly s Su | $s fe | ss Read Ss te | &S 
0 eS 5 mm am am | a= an | a= 
12° 30! 0! 44//.7| 07.03 20.0 508 | 0.670]| 24.2 615 | ©.809}| 28.4 721 | 0.949 
53 00/0 43 .9| 0 .03 20.1 511 | 0.673]| 24.3 617 | 0.813]| 28.5 724 | 0.953 
30 |o Tes er 20.2 513 | 0.676]| 24.4 620 | 0.816]| 28.6 726 | 0.956 
54 colo 42 .3| © .03 20.3 | 516 | 0.679]| 24.5 | 622 | 0.820]! 28.7 | 729 | 0.959 
30 |O 41 ,6]/ O .03 20.4 | 518 | 0.682|/ 24.6 | 625 | 0.823|| 28.8 | 732 | 0.963 
iss @0 |O 40 .8|| © .03 205 52r | 0.085]! 24.7 627 | 0.826]| 28.9 734 | 0.066 
30 lo 40 0] 0 03 20.6 523 | 0.688]) 24.8 630 | 0.829]; 29.0 737 | 0.970 
56 00 Jo 39 .3] © .025 20.7 | 526 | 0.692/| 24.9 | 632 | 0.832|| 29.1 | 739 | 0.973 
57 Colo 3 © .024 20.8 528 | 0.696]| 25.0 635 | 0-835|| 29.2 742 | 0.976 
58 colo 36 .4| © .023 20-9 53t | 0.699]| 25.1 637 } 0.838)| 29.3 744 | 0.979 
59 00 0 35 .0| 0 .023 21.0 | 533 | 9.703]| 25.2 | 640 | 0.842|| 29.4 | 747 | 0.983 
60 oo jo 33 .6] oO .o22 her 536 | 0.706]| 25.3 643 | 0-846]! 29.5 749 | 0.986 
| 
61 colo 32 .3] © .o22 21.2 538 | ©-709]| 25-4 645 | 0.849]| 29.6 752 | 0.989 
62 00/0 31 .0] 0 .022 21.3 | 54t | O.712|| 25.5 | 648 | 0.853]! 29.7 | 754 | 0.992 
63 00 Jo 29 .7/ O .022 PRO 544 | 0.716]| 25.6 650 | 0-856]) 29.8 757 | 9-996 
64 oo |o 28 .4| O .o2t 255 546 | 0.719] 25.7 653 | 0.859]| 29.9 759 | 0.999 
65 oO |o 27 .2| © .o2r 21.6 | 549 | 0.722|| 25.8 | 655 | 0.862|| 30.0 | 762 | 1.003 
66 00/0 25 .g] © .o2r ete 55% | 0.725)|) 25-9 658 | 0.866}| 30.1 765 I.007 
67 oo }o 24 .7| © .020 21.3 554 | 0.729]| 26.0 | 660 | 0.869/| 30.2 767 | 1.010 
68 00/0 23 .6| 0 .020 21.9 | 556 | 0.732]/ 26.1 | 663 | 0-872|| 30.3 | 770 | 1.013 
69 ©cO!0 22 .4] 0 .020 2200 559 | 0-735]| 20.2 665 | 0.875]| 30.4 772 | 1.016 
7o 00/0 21 .2| © .o19 22.1 561 | 0.739|| 26.3 668 | 0.879] 30.5 775 | 1.020 
71 0010 20 .1| © .o19 2262 564 | 0.742|| 26.4 671 | 0.882!) 30.6 777 | 1.023 
72 00/10 18 .9] © ,019 22.3 | 566 | 0.746|| 26.5 | 673 | 0.885|| 30.7 | 780 | 1.026 
73 00 |o 17 .8] o .o18 224 569 | 0.749]| 26.6 676 | 0.889]! 30.8 782 | 1.029 
74 00/0 16 .7] Oo .o18 22S 572 | 0.752|| 26.7 678 | 0.892)| 30.9 785 | 1.033 
75 0010 15 .6| 0 .o18 22.6 574 | 0.755|| 26.8 68x | 0.896]; 31.0 787 | 1.036 
76 000 14 .5| 0 .018 22.7 | 576 | 0.759]| 26.9 | 683 | 0.899 
| 22.8 -76: 686 | 0 
77 CONG 13. «5 O 7.018 O71 a Os 02 227/50 +902 
78 00/0 12 .4| 0 .o18 22.9 582 | 0.766]| 27.1 688 | 0.905 
79 oo |0 11 .3] 0 .018 23-0 | 584 | 0.770]| 27.2 | 69x | 0-909 
80 00 jo 10 .3}] © .o18 Zhen 587 | 0-773]| 27-3 693 | 0.912 
8x 00 ]o 09 .2] o .o18 23-2 | 589 | 0.776)| 27.4 | 696 | 0.916 
82 oo ]0 08 .2] o .o1r8 23-3 592 | 9.779}| 27-5 699 | 0.920 
83 00 Jo 07 .2| o .018 23-4 | 594 | 0-783]] 27.6 | or | 0.923 
84 co }o of .1} o .o18 23-5 | 597 | 0-786|] 27.7 | 704 | 0.926 
85 o0]0 o5 .1| o .018 23-6 | 599 | 0.789]| 27-8 | 706 | 0.929 
86 oolo o4 .1] 0 .o17 23.7 | 602 | 0.792|| 27.9 | 709 | 9.933 
87 00 Jo 03 .1| 0 .o17 23.8 605 | 0.796]| 28.0 711 | 0.936 
88 oo jo o2 .o] O .o17 23.9 607 | 0.799]| 28.1 714 | 0.939 
89 00 ]o o1 .o| o .o17 24.0 610 | 0.803}| 28.2 716 | 0.942 
go 00/0 00 .o| o .or7 24.1 612 | 0.806]| 28.3 | 719 | 0.946 


204 
296. 


GEODETIC ASTRONOMY. 


§ 297. 


CORRECTION TO MEAN REFRACTION AS GIVEN IN § 294. 
DEPENDING UPON THE READING OF THE DETACHED 


THERMOMETER. 
R= Ry(CgCpKC4). (See § 68.) 


b&H ORO AHA BOW ORO DHA 


bow OO AHA 


OW ORO AKA b OW ORD AHA 


H 


4 


” 


com les 
aa | aa 
Y fr, ovo 
a GO 
20° |—6°.7 
2x |—6 .1 
22 |-—5 .6 
23 |-5 .o 
24 |—4 .4 
PAs} lobes) 
26 |=3 .3 
27 |-—-2 .8 
28 ||—2 .2 
29 |—t .7 
30 |—r . 
Bre 0°76 
32 9.0 
33. [to .6 
34 Tapert 
35 1.7 
36 202 
37 2 150 
33S he 3 
39 3 +9 
40 | 4 +4 
41 5 0 
42 5 26 
43 6.2 
44 6.7 
45 7 +2 
46 UP ots 
47 8 .3 
48 $0 
49 9 +4 
50 To .o 
51 | 10 .6 
52 5h eas 
Be || sae oy 
54 I2 .2 
55 12 .8 
50/3303 
ph || 33) oS 
58 | 14 .4 
59 15-0 
60 15 .6 
61 16) 3% 
62 16 .7 
63 17 .2 
64 271.8 


Cp 


g 


990 9090 999 999 90H 
‘oO 
fee) 
OV 


acne CeO 


HOO ROW WHY 


HAO ROW wna 


HAO ROW Onda 


con~T 


000 900 o0o°0 O1O%. OF OFO 10 POVOLOT IOsO JO Os O20 0009090090990 9090 999 990 990 


-897 


ay: aw 

as | as Cp 
od re, 

ies] & 

IIo? 43°53 0.895 
111 43 -9 0.804 
112 44 4 0.892 
113 45 +0 0.891 
114 45 .6 | 0.890 
115 46 .1 0.888 
116 46 .7 0.886 
117 Ooh Re: 0.885 
118 47 8 0.884 
119 48 .3 0.882 
120 48 .9 0.881 
121 49 -4 0.880 
122 50 .O 0.878 
123 5° -6 0.877 
124 Rie ep 0.876 
125 SE 7 0.874 
126 52 .2 0.873 
127 52 58 0.871 
128 53°63 0.870 
129 53 +9 0.868 
130 54 +4 0.867 


297. CorRECTION TO 
MEAN REFRACTION 
OF § 294, DEPEND- 


ING UPON ATTACHED 
THERMOMETER. 
R = (RyCgyCphC 4) 
See § 68. 
Temp.| Temp. 
meee Cent. CA 
—30° |—34°.4 | 1.007 
—20 |-28 .9 | 1.006 
—1o |—23 .3 | 1.005 
o |-17 .8 | 1.005 
+10 |—12 .2 | 1.004 
20 |= 6.79) x.003' 
3° —I.1 1.002 
40 |+ 4 .4 | 1-001 
50 10 .O | 1.000 
60 15 .6 | 0.999 
7° 2I .E | 0.998 
80 26 .7 | 0.007 
go 32 +2 | 0 996 
100 37 «8 | 0.996 
110 | 43 -3 | 0.995 
120 48 .9 | 0.994 
130 54 +4 | 0.993 


oon ann 


eR WH Ww WWW Ww Ww bY DYN DY WN 


phAPR AD 


TABLES. 


DIP OF THE SEA HORIZON. 


(See § 78.) 

Height 

Spye, CD. 
Feet. 

25 4 54 
26 5 00 
27 5 06 
28 Be ir 
29 Sel] 
30 5 22 
31 Cy 2/ 
32 bees) 
33 5 38 
34 5 43 
35 5.48 
36 5 53 
37 5) 58 
38 6 03 
39 6 07 
40 6 12 
41 eh / 
42 Om2r 
43 6 25 
44 6. 30 
45 6 34 
46 6 39 
47 6 43 
48 6 47 
49 6 52 
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onovo oO 
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206 GEODETIC ASTRONOMY. § 299. 


299. FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 
The sign of A is-+ except for stars between the zenith and the pole, for Bit is + except 


for sub-polars, and for Cit is + except for sub-polars with lamp West, and — except for sub- 
polars with lamp East. (See §§ 95, 97, 8.) 


This top argument is the star’s declination + 6. 


On 10° 15° 20° B28 24° 26° 28° 30° 32° 34° 36° 

é . 

re 02 02 02 02 02 +02 .02 +02 02 02 +02 o2 | 89° 

2 04 04 O04 04 +04 +04 +04 +04 04 04 04 04 | 88 

3 +05 +05 5 06 06 06 06 06 06 06 06 -06 | 87 

4 +07 07 +07 +07 +08 08 .08 +08 08 08 08 -09 | 86 

5 +09 09 +09 fore) 09 +10 10 +10 10 «10 10 sEr 85 

6 Ir »I Ir tI er II 12 oe 12 12 13 «13 | 84 

7 12 12 13 +13 cue} 13 14 -14 14 +14 +15 eXSu wos co 
a| 8 +14 14 14 15 15 tS +16 -16 16 16 17 -17 | 82 |a 
a 9 «16 16 +16 17 17 <X> 4 18 18 18 19 +19 | 8 iy 
@| 10 17 18 18 19 +19 19 -19 20 20 21 o2I -2t | 80 | 5 
a an 
aq] m1 +19 +19 +20 +20 2d 21 2u eee 22 223 +23 -24 | 79 |= 
“B| 12 7a +2 22 +22 42 23 23 -24 24 25 25 26 | 78 ek 
ll} 13 22 23 23 +24 med 25 25 .26 26 27 27) 28 | 77 ae 
sat fet +24 25 225 .26 26 27 eT) 27 28 29 +29 +30 | 76 = 
MN] 15 26 26 | °.27 28 .28 28 aeey 25) 30 31 33r -32 | 75 |@ 
8 Es 
o| 16) .28 28 29 | .29 30 30 31 ie || odeye || cei}. |! Hei} 34 | 74 98 
&} 17 +29 30 30 «3X 31 32 33 33 34 34 35 #30) 73 5 
gj 18) .3r |] .3t 32 | +33 38 yess 34 35 30 | .36 | .37 38 | 72 | 
B/ 19] -33 33 | +34 | -35 35 36 36) .37 38 | 38 | .39 40107 EN 
8] 20} .34) -35] +35 | +36 37 37 38 39 4o | .40 | 41 42 | 70 |» 
N ba | 
< 21 +36 .36 .37 38 30 390 .40 40 41 42 +43 44 | 69 | 5° 
O| 22 37 38 -39 40 40 41 +42 42 +43 44 +45 .46 | 68 |a. 
Bile zouliereso 40 | .4r 42 42 43 | 44 44 45 46 | .47 | .48 | 67 | 5° 
S| 24 4r 41 | .42 43 44 45 | +45 46 47 | -48 | .49 | «50 | 66 | 
g| 25 | -42 43] +44 45 | +46 46 | .47 48 49 | «50 51 52 | 65 | 
ce ~ 
bol 26) .44 | 145] +45 | +47 47 | .48 49 50} «51 52 53 | +54 | 64 | > 
Shr27, 45 46 | 47 | .48 49 | 50] -5E ] «51 52] +54 55: |e bOm Osmo 
5 28 47 48 | .49 5° ST SE) |e 52h we5 Se s4y| 055157 mes onlmoze ice 
B\ 29 | .48 49 | +50 52 52 53 | -54 55 56 57 | +58 | .60 |} 61 IQ, 
| 30 BON ra 1052 53 54 55 | +56 yi 58 59 60 | .62 1 60 . 
o 
a} 3t 52], 52] +53 55 56 SO 257 58 59 6x 62 64 | 59 19 
| 32 53 54 55 56 | -57 58 | -59 60 6x 63] .64 65 | 58 |a 
eils3 55 55 56 58 59 60 -61 62 63 64 66 67 | 57 |\w 
o| 34 56 57 58 59 60 6x 62 63 65 66 67 69 | 56 14 
P 35 57 58 59 61 62 63 64 -65 66 68 69 71 | 55 2 

36 59 -60 61 63 63 +64 65 67 68 69 71 73 | 54 

37 60 61 62 64 65 66 -67 68 70 71 +73 “74 | 53 

38 62 63 64 66 66 -67 69 70 71 73 +74 76 | 52 

39 63 64 | .65 67 68 | .69 | .70 iparer 73 74 | -76 78 | 51 

40) .64 65 | .67 68 69 On 2 73 TAR es OMe 7.7 79 | 5° 

41 .66 .67 68 ye) We 72 w73 +74 76 op) “79 +8t |} 49 

42 .67 .68 69 gp 72 ry ic} 74 .76 77 +79 .8r -83 | 48 
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FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 6. 


o° 10° ¥5° wi zee 22° 24° 26° 28° 30° 32° 34° 36° 
$ 

46°] .72 | .73| -74 WEN oh |) eis) 80 82 83] .85 87 89 | 44° 

47 “7 74 +76 +78 79 «80 81 +83 84 86 88 go | 43 

48 +74 +76 *77 79 80 +81 83 84 -86 88 +90 g2 | 42 

49 75 97. -78 +80 81 +83 84 86 87 +89 gt 93 | 41 

50 | +77 | «78 79 82 83 | .84 85 87 89 go 92 95 | 40 

51 78 +79 80 +83 84 -85 -87 -88 go 92 94 +96 | 39 

52 +79 -80 82 +84 85 -86 88 89 Oba 93 +95 -97 | 38 1a 
race 80 81 83 85 86 87 -89 +9 92 94 96 99 | 37 |2 
ox 54 81 82 84 -86 .87 89 go 92 93 95 98 | z.c0'| 36 1, 
v| 55 | -82 83 85 87 88 | .90] .ot | .93 95] +97 | -99 | x-or | 35 |& 
aah 56 83 84 86 88 89 +QI 92 94 96 98 | 1.00 | 1.02 | 34 a 
‘| 57 | +84 85 87 89 | .90] .92] .93 95 97 | +99 | 1-01 | 1.04 | 33 |= 
I 58 85 +86 88 +90 +O 93 +94 96 -98 | t.00 | 1.02 | 1.05 | 32 |@ 
~| 59 86 87 89 +9r +92 +94 95 97 99 | z.0r | 1.03 | 1.06 | 31 | 5 
X 87 -88 go 92 +93 95 +96 98 | 1.00 | 1.02 | 1.04 | 4.07 | 30 e 
S tal 
S| 61 87 -89 +gI -93 94 96 Q7 +99 | 1.01 | 1.03 | 1-06 | 1.08 | 29 33 
| 62 88 +90 +O -94 95 97 g8 | 1.00 | 1,02 | 1.04 | 1.06 | 1.09 | 28 5 
Bel63 89 -Q1 -92 +95 +96 -98 +99 | I.0r | 1.03 | 1.05 | 1.07 | 1.10 | 27 | 
S| 64 go | «91 | .93 | .96 907 98 | x.00 | 1.02 | 1.04 | 1.06 | 1.08 | x.xx | 26 |8 
z 65 gli 92 94 +96 +98 +99 | I-01 | 1.03 | 1.05 | 1.07 | 1.09 | 1-12 | 25 | 
= “t 
x} 66 gr 93 +95 -97 -99 | 1.00 | 1.02 | 1.04 | £.06 | 1.08 | 1.10 | 1.13 | 24 15° 
&| 67 92 +94 95 +98 599) F-O2 | F-02 } X,04 |. 1.06] x.09 | 2.1z | 2.34 |} 23 2. 
=! 68 93 +94 96 190i | 2.00.1 F021 5.03. | t.09 |) B07! x09: (2.12 | mrs | e215 
EG! 69 93 95 -97 +99) ||| ReOl)|) D-02 ||) D-04 ||) T.060)| r.08 | x.10 |) X13 | &.05 | ex |S 
e 70 94 95 207 [| m:00 |, FO4n | 1.63) | 1.05, |- 5606 | 1.09 || Foxx | 4.23 | 5.216 |) 30 S 
Be 71 95 -96 98 | 1.01 | 1.02 | 1.04 | 1.05 | 1.07 | 1.09 | 1.12 | 1.14 | 1.17 | 19 | 
«| 72 95 .97 98 || 1.0L) |/"r.03)||)1.04 |) X+06) | y.08 | r.70 | r.r2 | r-a5 | rex7 |} 18H 
w| 73 .96 -97 GON uToz |) arosn|uu.05, | 1-00) || Teo8 | aero cers |lPr-n8) || 1.08 lear lie 
BS 74 96 -98 | 1.00 | I-02 | 1.04 | 1.05 | 1.07 | 1.09 | 1.1r | 1.13 | 1-16 | 1.19 | 16 | ty 
2 75 +97 169: | MXNOO L303) NI.04)) T.00)) 1.08 | T.09"|| ra e2°) 2.04 | 1.16) i/ 1.29 /) 15 T 
3) 
o| 76 +97 90)! 1.003] 2.03) x.08 || 7.06] r.08 | 2.40 | 7.12-| e694 | 2.17 | 1.20 | 34 S 
‘S| 77 -07 90)|) DOE 1) R.O4e on .O5) | r.O7 || 1400 | DLO) |) Lotz | ters ||| Vet7 | 1.20, | rs qa 
alo +98 OOM reson | isO4al| Os 1.07 (ito .|" Fe 0k || PER ters ers || 1-27) vas x 
g 79 .98 | £.00 | 1.02 | 1.04 | 1.06 | 1.08 | r.09 | 1.11 | 1.13 | r.16 | x.18 | r.2r | 1x |@ 
S| 80 «98 | 1.00 | 1.02 | 1.05 | 1.06 | 1.08 | 1.10 | 1.12 | 1.14 | 1.16 | 1.19 | 1.22 | x0 Oe 

81 -99 | 1-00 | 1.02 | 1.05 | r.07 | r.08 | 1.10 | x.12 | 1.14 | 1.17 | 1.19 | 1.22 9 

82 .99 | 1.01 | 1.03 | 1.05 | 1.07 | 1.08 | 3.10 | 1.12 | 1.14 | x.17 | 1.19 | 1.22 8 

83 499)|, z.0n 1.03)! 1.064) ato77| =.09) 1 T.1o)| t.a2-) 7.15 || x07 | x20 | 1.23 7 

84 SComl nor) Osh LOOM. O75| U.OON|) Ta) 2.1 galt S it.t7 | st.20 | 1.23 6 

Ssuler.con|et on |er.o3 |) b-00u|er.o7) TOON Tetee|eret3) | 2el5u|e x07 r.20 | 1.23 5 

86) 192.00 | Ter) .03/] 1.00") 1.08 | X00 ||) Teta | TLe3 | Tims | F.18 | 2.20 | 1.23 4 

87 | x.c0 | 1-01 | r.03 } 1.00 || 1.08 | x.09 | 1.rr | 1.13 | 2.15 | 1.18 | 1.20 | 1.23 3 

S8elereoo en eOL || 1103) | teOOm.06 | 1.09) i. tt Hirer 3 |) 2x5 In. 7S) |) .20")|| X29 2 

89 | r.00 | 1.02 | 1.04 | 1.06 | 1.08 | I.09 | 1.11 | 1.13 | I.%5 | 1.18 | t.2r | 2.24 I 

90) | 1.00 || 1.02 | £.04 | 1.06 | 1.08] r.09 | 1.11 | 1.73 ] 1.75 | 1.38 | x.2r | 1.24 ° 


The bottom line on this page 1s the collimation factor C (= sec 4). 
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Use this left-side argument for azimuth factor A (= sin ¢ sec 8). 
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GEODETIC ASTRONOMY. 


OBSERVATIONS. 


This top argument is the star’s declination + 6. 


41° 42° 
+02 +02 
O05 +05 
+07 +07 
-09 -09 
+It i 
14 14 
+16 -16 
+18 -19 
21 ~2r 
23 22 
+25 26 
+27 .28 
30 +30 
+32 | +33 
+34] 35 
37. | 37 
+39 +39 
+40 -42 
43] .44 
-45 46 
+47 | .48 
-50 -50 
“52 || .53 
+54) .55 
POR mS 7, 
+58 | «59 
-60 61 
-62 -63 
-64 -65 
.66 .67 
68 .69 
+70 -7t 
272) WTS 
74] +75 
70 | «77 
+78 79 
.80 81 
82 83 
Aste: 85 
85 86 
.87 .88 
-89 -go 
Kero) -92 
-92 | .93 
+94 | .95 


44° 


46° 


§ 299. 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 


48° | 49° | 50° 
¢ 
+03 -03 +03 | 89° 
+05 +05 05 | 88 
+08 08 -08 | 87 
10 IL -Ir | 86 
+13 Bi ic! 13 | 85 
-16 .16 -16 | 84 
+18 +19 +19 | 83 
+20 mor 22 | 82 
+23 +24 +24 | 81 
26 -26 27 | 80 
-28 +29 +30 | 79 
+31 ees +32 | 78 
34 | «34 | +35 | 77 
36 737, -38 | 76 
39 | .39] +40] 75 
41 +42 +43 | 74 
44) -45 | -45 | 73 
46 +47 +48 | 72 
+49 «5° «5! 7t 
+52 +52 +53 | 70 
54] +55 | -56 | 69 
-56 ALY; -58 | 68 
-58 -60 -61 | 67 
-6r -62 -63 | 66 
63 64 -66 | 65 
65 -67 -68 | 64 
68 .69 771 | 63 
+70 +72 s73 62 
72 74 “75 | 6 
-75 | -70} .78 | 60 
Sy i) -78 .80 | 59 
-79 81 -82 | 58 
.8r +83 +85 57 
-84 85 +87 | 56 
86 -87 -89 | 55 
.88 +90 Sonu S4 
+90 +Q2 -94 | 53 
+92 | .94 | .96! 52 
+94 +96 OO | Sir 
.96 190 | F.00 | laa 
+98 | 1.00 ; 1.02 | 49 
1.00 | 1.02 | 1.04 | 48 
1.02 | 1.04 | 1.06 } 47 
1.04 | 1.06 | 1.08 | 46 
1.06 | 1.08 | 1.10 | 45 
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§ 299. TABLES. 299 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 68. 


! 
Bo i Aone staan | Pascoe 442s) 45S) 460) 1 47°) | 482.1 49° 50° 

i op +94 +95 97 -98 | 1.00 | 1.02 | 1.04 | 1.05 | 1.07 | 1.10 | x.12 ioe 

47 +93 +95 -97 +98 | 1.00 | r.02 | 1.03 | 1.05 | 1.07 | r.09 | x.x | x.14 | 43 

a8 +94 -97 596/100] X.02) 11,03 |) E05 || 1-07, | 1.09) ||| 1.1¥ || Taz 1.16 | 42 

49 -96 +99 |-I.00 | 1.02 | 1.03 | 1.05 | 1.07 | I.09 | 1.11 | x.13 | x.15 | z.17 | 4x 

50 +97 | 1.00 | 1.0% | 1.03 | 1.05 | 1.06 | 1.08 | 1.10 | 1.12 | 1.14 | 1.17 | 1.19 | 40 

Lo +99 | I.or | 1.03 | 1.05 | 1.06 | 1.08] 1.10 | 1.12 | 1.14 | 1.16 | 1.18 | r.21 | 39 

52_| 1-00 | 1.03 | 1.04 | 4.06 | 1.08 | 1.10 | x.2r | 1.13} 1.15 | 1.18 | 1.20 | x.23 | 38] 
2253 | 2.0% | X.04 | "X00. | 1-07 | ¥.09)|| 1.1t | 1.13%] 2.15) 1.17 | 1.19 | x22] x.24 | 37 12 
S| 54 | 1-03] 1.06 | 1.07 | 1.09 | x.1x | 1.12 | r.14 | 1.16 | 1-19 | x.2 | r.23 | 1.26 | 36 aA 
g 55 | 1-04 | 1.07 | 1-08 | x.10 | x.12 | x.14 | 1.16 | 1.18 | 1.20 | 1.22 | 1.25 | 1.27 | 35 = 
f 4 
es 56 | r.05 | 1.08 | r.10 | 1.12 | 1.13 | 1.15 | 1.17 | 1.19 | 1.22 | 1.24 | 1.26 | 1.29 | 34 log’ 
‘@| 57 | 1-06 | 1.09 | 1.11 | 1.13 | 1.15 | 1.17 | 1.19 | 1-21 | 1.23 | 1.25 | 1.28 | 1.31 | 33 | & 
| 58 | 1-08 | r-xx | x.x2 | 1.14 1.16 | 1.18 | 1.20 | 1.22 | 1.24 | 1.27 | 1.29 | 1.32 | 32 a 
SON KCON | Hek2 Nera GS | Eeeve LeIQ) || Le2k || 123) 2-26) | 1528: |x .3r i tgs lies 
SU Gon | x10) |x rs | Xerss| T.1721-1s18 | 7.20)| 1-22 |) To25\))/ t.27 || x.29 || x32 | 1.35 130: ¢ 
ad ied 
s CrMrexrD | Verde et. tOs) 1518 || eeonlen.22 ||| x224 | 0.26) ||) 1.28) 1.3% || F233) | 2-30.) 29 se 
@| 62 | 1.12 | 1.15 | 1.17 | 1.19 | 1.21 | 1.23 | 1.25 | 1-27 | 1.29 | 1.32 | 1.35 | 1637 | 2818 
3 63 =r. 53 |) 1.16 | £518 |) Bi20) | 1-22 |) 124 | 1.26 | r.28' | 1.31 | §.33 | I.36 || 1-39) | 27 e 
SUNOPa SOTA KX 7) Xe ROU ete Zip kes MURS a eLe syn lake 2or| Lease itv oq |) Leo7e ll LadOn |i SOullten 
5 OSM Devon let EO le ke2O) | Tee2ul Leda lie26 \ Be2oel TsO Ke3su|ne35; i) Le 30) Led ho|) 25 S 
3 * 
SHPOOMP LATO |reLO) | ke2t |) Te23 (PX. 2h Laem xe20)| Le32i X34) T337 | Te39) | Led2 >) 24: lis 
5| 67 | 1.17 | 1.20 | 1.22 | 1.24 | 1.26 | 1.28 | x.30 | 1.33 | 1-35 | 1-38 | 1.40 | 1.43 | 23 2 
SOs LOM cesT et eo wli Tose |irs27|| Lacon usual SoiieksO | Uso KeAral te 4qul 22 3 
(| 69 | 1.18 | 1.22 | 1.24 | 1.26 | 1.28 | 1.30 | 1.32 | 1.34 | 1-37 | 1.40 | 1.42 | 1.45 | 21 |B 
5 FOM err) 2-235 teh) Te2O) Toul eater. set se |X. go) || Tedo ado) DadO jez S 
oh |) x,200\-T.es 25 Wt. 27 2620 [ree | 634-1063 |-2.30 | Bat | 244 | B47 | XO s 
SIZ. 
C72 ieet beko24e) me2O. | To28 | gO rege) Tr s4 lx gz we30) | ie42 | 2.45. || rag, | 1S 3 
Ui) 73°) ro2t | £.25 | 1.27 | 1629) Eegr | F-33 | F.35 | 2-38 | 1-40 | 1.43 | 3.460 | 1.49 | 17 | 
1S 74} 1.22 | 1.25 | 1.27 | 1.29 | 1.31 | 1.34 | 1-36] 1.38 | 1.41 | 1.44 | 1.46 | 1.49 | 16 | by 
2) 75 || x23 | 1.26 | x.28 | x.30 || 1.32 | 1-34 | 1-37, | 1639 || r-42 || x-44 | 1-47 | x.50 | 15 T 
= 
< 76 | x.23 | 1.27 | 1-29 | x.3x | 1-33 | 1-35 | 1-37 | 1-40 | 1-42 | 1.45 | 1-48 | 1.51 | 14 19 
= 77 | 1.24 | 1.27 | 1.29 | 1.3x | 1.33 | 1.35 | 1.38 | 1-40 | 1.43 | 1.46 | 1.48 | 1.52 | 13 | @ 
2178 | x24 | 1.28 | x.30 || 2.32 | 234 | 3.36] 0.38] .4n | 1.43 || x.46 || 2649 | 1.52 | T2 Be 
©! 79 | 1.25 | 1.28 | 2.30 | 1.32 | 1.34 | 2-36 | 2.39 | 2.4 | 1-44 | 1.47 | r.50 | 1.53 | IT % 
| 80 | 1.25 | 1-29 | 1.30 | 1.33 | 1-35 | 1.37 | 1.39 | 1-42 | 1444 | 1-47 | 1.50 | 1.53 | 10 ae 

8x | r.25 | 1.29 | 1.3m | 1-33 | 1-35 | 1-37 | 7-40 | 1.42 | 1.45 | x.48 | r.51 | 1.54 9 

82 | 1.26 | 1.29 | 1.31 | 1.33 ay) ae TagOil| tags a 45 mae Holts |) eacy 8 

8 E220) Pego ere s2e) E34) | r33 15) 1.40 | 1.43 ] 1.4 1.4 I.5r | 1.54 7 

Bs 1.26.) TZ |) Weg2ei) W934. | De30 | 1.38 | Tear | 1.45 pe TeAQet La529 |) Vebs: 6 

85 | 1.26 | 1.30 | 1.32 | 1.34 ¥.90 | 2.38 | me4r | 243°) a4 1.49 | 1-52 | 1.55 5 

86 ! 1.27 | 1.30 | 1.32 | 1634 | 1.36 | 1-39 | 2-41 | 1.44 | 1.46 | 1.49 | 1.52 | 1.55 4 

87 | 1.27 | 1.30 | 1.32 | 1.34 | 1-37 | 2-39 | 1-42 | 1-44 | 1-46 | 1-49 | 1.52 | 1.55 3 

88 | 1.27 | x.30 | 1.32 | 1-34 | 1-37 | 1-39 | 1-41 | 1-44 | 1.46 | 1.49 | 1-52 | 1.55 2 

89 | 1.27 | 1.31 | 1-33 | 1-35 | 1-37 | 1-39 | 1-42 | 1-44 | 1.47 | 1-49 | 1-52 | 1-56 I 

go | 1.27 | 1.31 | 1.33 | 1-35 | 1-37 | 1-39 | 1-42 | 1-44 | 1.47 | 1-49 | 1-52 | 1.56] © 


The bottom line of this page is the collimation factor C (= sec 4). 


300 GEODETIC ASTRONOMY. § 299. 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 6. 


Gu || EP be Mee) Gee | xe? |] ey |) GE |) eh || Gee wen |) xe 
¢ go 
Tote. O3 103 +03 +03 03 +03 03 03 +03 03 04 04 | 89 
2 300 06 +06 +06 06 -06 .06 o7 07 o7 °o7 +07 | 88 
3 08 08 +09 +09 tele} +09 +10 +10 10 10 Ir Pats OF 
4 +Ir II +12 he 12 212 13 +13 +14 14 14 14 | 86 
5 14 14 14 +15 5.55) 16 .16 +16 “17 17 18 18 | 85 
6 “17, <17. ol7. .18 18 +19 19 +20 20 2I 2I 22 | 84 
7 19 +20 +20 +20 2i 22 22 +23 24 24 25 25 | 83 S 
PO 22 23 23 +24 24 25 -26 26 27 28 28 29 | 82 |® 
iS 9 +25 25 26 -26 27 28 -29 +29 30 31 32 32 | 8 |S 
@| 10 28 +28 29 +30 30 Sr 32 +33 34 35 +35 36 | 80 |a 
ne ay 
il 20. 30 3r 32 32 33 | «34 -35} -36 37 33 39 39 | 79 |. 
G| 12 33 | +34 Shy] si) BO vey) as 39 40 42 42 43 | 78 |v 
i] 23 36 | .36 37 38 39 | -40 | .4r | .42 | +44 45 46 46 | 77 | 2. 
Re les aeneseoe lesa: |i eaouliimea® || 1-42) |ee43: |/ee4anlee400| 0-47) 485} dou usOn 7 Onlin: 
NX] 15 4i | +42 43 44 45 46] .48 | -49 50 52 | +53 53075218 
7 
S] 16] -4g] -45| -46] 47] -48 | -49] «st | +52] 54] +55 | +56] +57 | 74 [8 
Sl 17 | 40 | -47 | -49] +50] -st | «52 | +54] -55] +57] -58| -59| +60) 73 [2 
pel 28.5| fee 400 sO) | NPS 2 |lier2|1 Ee s4 | (e550 |raS 70 men Sal COs late oza mn OSGI reo aia 
3| 19 52 53 54 55 5, 58 .60 +61 63 65 66 AAG | 
g| 2° 54 +56 57 +58 60 61 63 «64 66 68 69 79 | 70 |e 
&| 2x 57 58 59 61 -62 64 -66 +68 7° 72 73 74 | 69 |8 
&) 22 60 61 62 64 65 -67 +69 71 73 75 76 77 | 68 |= 
| 23 62 63 65 66 68 +70 «72 74 76 78 | 679 81 | 67 iS 
el 24 65 66 68 69 71 °73 75 -77 79 81 83 84 | 66 = 
g 25 67 69 70 72 74 -76 -78 80 82 85 86 87 | 65 |5 
a 
Be 26 -70 71 73 -75 76 -78 .80 83 85 88 -89 go | 64 5 
a| 27 72 74 75 || 977 79 8x1 | .83] .86 88 gr | .g2 94 | 63 |S 
2| 28 75 76 78 | .80 82 84 | .86] .89 gi 94 95 97 | 62 |* 
=| 29 17 +79 8x 82 +84 87 89 +O 94 97 98 | 1.00 | 61 & 
| 3° 79 81 83 85 87 89 +92 -94 °97 | I-00 | r.or | 1.03 | 60 T 
o 
PSIN3E 82 84 86 88 .90 +92 95 .97 | 1.00 | 1,03 | r.05 | 1.06 | 59 S$ 
‘S| 32 84 -86 88 | ‘ .go -92 95 97 | 1.00 | 1.03 | 1.06 | 1.08 | 1.09 |' 58 ae 
i 33 -87 88 +t 93 +95 07, | t-00) | F603 |>r.06) | x09} Tear | ter2)\'57 Ila 
a] 34 89 gt +93 95 597 |) 100 }| F.037 || TOS, | T-00! | Mone I wenger. Ts 50 3 
P| 35 -Qr +93 +95 +9 1,00 | 03)|/2605) | LOS: | Lake |e Te kS|) deROnl eee tol: s 5m [ez 
36 +93 +95 @8: || X.00.|] r.08: |) 1.06) || 7-08 | E.1e | ees | e278) 19) tear |) S4. 
37 96 68 | 1.00 | 1.02 | r.05 | 1.08 | r.10 | 1.14 | 1.17 | 1.20 | 1.22 | 1.24 | 53 
38 98) |||Grx G0: || F.02))| 1.050) 1607) |e. TOU Pars a Oa LO MN ete2Ou) eae Teese eter mse 
39 | x-00 | 1.02 | 1.05 | 1.07 | 1.10 | 1.12 | 1.25 | I-19 | 1.22 | r.26 | 1.28 | 1.30 | 5x 
40 1,02 | 1-04 | x.07 | 2.09 | T.12)] rox5 | r.x8) Tear |) 2-25 | x.20 || x.3r | 2533) | 50 
41 | 1.04 | 1.07 | 1.09 | 1.12 | 1.14 | 2.17 | 1-20 | 1.24 | 1.27 | 1.3% | £4.33 | 1-35 | 49 
42 | 1.06 | 1.09 | 1.11 | 1.14 ] 1417 | 1.20 | 1.23 | 1.26 | 1.30 | 1.34 | 1.36 | 1.38 | 48 
43 | 5-08 || x.11 |) z.13 || 1-26 | ¥.10) |ea.22) |) 4.25) || Xe2o |) x. 32 | 1.86 )r.39) | T.4x ||) 47, 
44.\) Lat0, |) 213) |) Wer5 | Tor8 |) Le2t | Te24 ie 28) | 6 3X | F635) | W630 ||| To4E ol e431 40 
45 | 3.12 | r.15 | x-17 | 1.20 | 1.23 | 1.26 | x.30 | 1.33 | 1.37 | 1-4x | 2-44>] 1.46 | 45 


§ 299. TABLES. 301 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is for the star’s declination + 6. 


ipa 52° 53° 54° 55° 56° Cy ie 58° 59° 60° 604° 61° 

$ ¢ 

4691.04. | -ker7) | EarO) | X022':| x25 | e620") 1.32" | 1.36 | x.40 1] Xr. 44. | 1.40} 1.481) 44> 

47 | 1.16 | 1.19 AY freq | eer Weak Es34 | Xe so |, Fede] TegO 1 Fe49" |) Tesh | 43 

48. (1.18! | Te2n 42.23) | w.264), X30 | 1.33) | 2.36.) x740 |X. 44 | 1.48 | 150 | 2.5341 42 

49 | 1.20 | ¥.23)| 1.25 | 1.28 | 1.32 | 1.35 | 1-39,| 1-42 | 1-47 | X-50 | 2.53 | z.56 | 4E 

50 | xr.22 | 1.24 | 1.27 | 1.30 | 1.34 |] 1.37 | 1-42 | 1.44 | 1.49 | 1.53] 1-56 | 1-58 | 40 
Stal me2gt| te20) | Tae) rege.) Tess em. 3 Te4S We47 eka SL tl) Ked5: Deb!) Te OOnn30 
go 52 | x.26 | 1-28 | 13x | 1-34°1:1.37 | X-4r | 7-45 | 1.49 | 1.53 | 1.58} 1.60} 1.63 1138 1 
Q| 53 | 1-27 | 1-30 | 1.33 Te Ont BOM dS a) elied yall wtb oe ox 5501) 2 aOOn ers O20 er NOSuiliNs 7) $ 
wo! 54 | x.29 | 1-32 | 1-34 | 1.38 | 2-4r | 1-45 | 1-49 | 1-53 | 1.57 | 1-62 | 1.64 | 1.67 36 e 
fe 55 | 1.30 | 1-33 |] 1-36 | 1.39 | 1-43 | 1-46 | r.50 | 1.55 | 1.59 | 1.64 | 1.66 | 2.69 | 35 | 5 
= m 
) 56 | 1.32 | 1-35 | 1-38 | r.4x | 1-45 | 1-48 | x.52 | 1.56)| r.6r | 1.66 | 1.68 | x.71 | 34 [og 
Jl; 57 | 1.33 | 1-36} 1-39 | x-43 | 1-46] 1-50 | 1.54 | 1.58 1.63 | 1.68 | 1.70 | 1.73 | 33 2 
~y| 58 | 1-35 1.38 | t4r | r44 || Beas! | 2.52) 1.56 | 1.60 |) 1.65 | t.7o |r. 720) 1.755) Sao 
| 59 | 2-36 | 1-39 | ©-42 | 3.46 | t-49 | 1-53 | 1.57 | 1.62 | 1,66 | x.71 | 1.74 | £.77 } 3% a. 
S| 60 | 1.38 | 1-4 | 1-44 | 1.47 | I-51 | 1-55 | 1-59 1.63) | 168 \re73 | r.762|, ke. 79) 130) 
) ial 
S! 6x 1.39 | 1-42 | 1-45 | 1.49 | 1-53 | 2.56 | 1.6r | 1.65 | r.70 | 1.75 | 1.78 | 1.80 | 29 oe 
S| 62 | 1.40 | 1-43 | 1-47 | 1.50 | 1-54 r.58 | 1.62 | x.67 | 1.72 | 1.77 | 1-79 | 1.82 | 28 18 
B| 63 | x.42 | 1-45 | 1.48 | 1.52 | 3-55 | 1-59 | 1.64 | 1.68 | 1.73 | 1-78 | 1.81 | r.84 | 27 18 
z:| 64 | 1.43 | 1-46 | 1.49 | 1.53 | 1-57 | 1-62 | 1.65 | x.70 | 1.75 | 1-80 | 1.83 | 1.85 26 | 
N| 65 | 1.44 | 1647 | 1-51 | 1.54 He5on| Loose OOul Ke7ri | Tago aeSzra| reS4 i) weO7 I Ee5 Cy 
=] —e 
&| 66 | x.45 | 1-48 | 1-52 | 1.55 | 1-59 | 2-63 | r.68 | x.72 | 1.77 | 1.83 | 1-85 | 1.88 | 24 |5 
| 67 | 1.46 | 1-50 | 1-53 | z.57 | 1.60 | 1.65 | 1.69 | 1.74 | 1.79 | 1.84 | 1.87 | 1.90 | 23 |= 
| 68 | 1.47 | 1-5t | 1.54 | 1-58 | 1.62 | 1.66 | 1.70 | 1.75 | 1-80 | 1.85 | 1.88 | 1.91 | 22 15 
Soom exe 4s tes 2 lens 5: (ete5oml in Ost er O7alesera|ere7zOnls Troma X6S7ulet.OOs|) De03)| eau let 
=| 70 | 1-49 | 1-53 1.56 | 1.60 | 1.64 ee 1.73 | 1.77 | 1.82 | 1.88 | 1.9 | 1.94 | 20 |S 
4) eal 
s 71 | 1.50 | 1-54 | 2.57 | 1.6r | 1.65 | 1-69 | 1.74 | 1.78 | 1.84 | 1-89 | 1.92 | 1.95 | 19 S 
| 72 | r.5r | 1-54 | 1.58 | 1.62 | 1.66 | 1.70 | 1.75 | 1.80 | 1.85 | 1.90 | 1.93 | 1-96 roy 5 
| 73 | 1.52 | 1-55 | x-59 | r-63 | 1.67 | x.71 | 1.76 | 1.80 | 1.86 | 1.91 | 1-94 | 1.97 | 17 |* 
| 74 | 1.53 | 1-56 | r.60 | 1.63 | 1.68 | 1.72 | 1.76 | 1.8 | 1.87 | 1.92 | 1.95 | 1-98 | 16 |B 
x 75 | 1.53 | 1-57 | 1-60 | 1.64 | 1.68 | 1.73 | 1.77 | 1.82 } 1.88 | 1.93 | 1-96 | 1-99 | 15 m 
n 
S| 76 | 1.54 | 1-58 | x.6r | 1.65 | 1-69 | 1.73 | 1.78 | 1.83 | 1.88 | 1.94 | 1.97 | 2-00 | 14 3 
w| 77 | 1-55 | 1-58 | 1.62 | 1.66 | r.70 | 1.74 | 1.79 | x.84 | 1.89 | 1.95 | 1.98 | 2-01 | 13 |. 
S| 78 | 1.55 | 4-59 | 1-62 | 1.66 | 1.70 | 1-75 | 1.80 | 1.85 | 5.90 | 1.96 | 1-99 | 2-02 | 12 lu 

79 | 1-56 | 1-59 | 1.63 | 1.67 | 1.71 1.764| 1.80 | 1.85 | x.9x | 1.96 | x.99%| 2-02 | It | 

80 | 1.56 | 1.60 | 1.64 | 1.67 | 1-72 | 1.76] 1.8r | 1.86 | 1.92 | 1.97 | 2.00 ] 2.03 | TO 2 

81 | 1.57 | 1-60 | 1.64 | 1.68 | 1.72 | 1.77 | 1.8x | 1.86 | 1.92 | 1.98 | 2.01 | 2.04 9 

82 | x.57 | x-6r | 1.64 | 1.68 | 1.73 | 1.77 | 1.82 | 3.87 | x.92 | 1.98 | 2.01 | 2.04 | 8 

83 | 1.58 | 1-61 | 1.65 | 1.69 | 1.73 | 1-77 | 1.82 | 1.87 | 1.93 | 1.99 | 2-02 | 2.05 7 

84 | x.58 | 1.62 | 1.65 | 1.69 | x.73 | 1-78 | 1.83 | 1.88 | 1.93 | 1.99 | 2.02 | 2-05 | 6 

85 | ‘x.58 | 1.62 | 1.65 | 1.69 | 1.74 | 1.78 | 1.83 | 1.88 ! 1.93 | 1.99 | 2.02 | 2.05 5 

86 | 1.59 | 1-62 | 1.66 | 1.70 | 1.74 | 1.78 | 1.83 | x.88 | 1.94 | 2.00 | 2.03 | 2.06] 4 

87 | 1.59 | 1.62 | 1.66 | 1.70 | 1.74 | 1.79 | 1.83 | 1.88 | 1.94 | 2.00 | 2.03 2.06 3 

88 | x.59 | 1.62 | 1.66 | 1.70 | 1.744] 1.79 | 1.83 | 1.89 | 1.94 | 2.00 | 2.03 | 2-06 2 

89 | 1.59 | x.62 | r.66 | 1.70 | 1.74 ] 1.79 | 1.84 | 1.89 | 1.94 | 2.00 | 2.03 | 2-06 I 

go | 1.59 | 1.62 | 1.66 | x.70 | x.74 | 1.79 | 1.84 | 1.89 | 1.94 | 2.00 |.2.03 | 2-06 | © 


The bottom line on this page is the collimation factor C (= sec 4). 


302 GEODETIC ASTRONOMY. § 299. 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 8. 


6rh° | 62° | 624° | 63° | 634° | 64° | 644° | 65° | 654° | 66° | 663° | 67° 

$ oe 

1°] .04 04 +04 04 +04 O4 +04 04 +04 04 04 04 | 89 

2 +07 +07 -08 08 08 08 -08 -08 +08 09 fore) -09 | 88 

3 It 11 II +12 12 +12 12 +12 13 13 13 *13 | 87 

Al Ts 15 15 15 16 +16 -16 +17 +17 17 +18 -18 | 86 

y 5 18 +19 19 19 +19 20 +20 o2t «2I 2t 22 22 | 85 

6 22 22 «23 23 +23 +24 ern 25 +25 26 26 27 | 84 
7 26 26 26 127 +27 28 -28 29 29 30 31 Braces S 
a| 8 29 30 | +30 31} +31 32 | «32 33 34 34 35 36 | 82 |@ 
Sil oy |) cee) 33 34 35 35 | +36] .36 37 38 | .39 | +39 4o | 8r |= 
@| 10 +36 rey) 38 38 39 +40 +40 +41 +42 43 +43 44 | 80 |G 
ne et 
a] 2t 4o | .41 41 42 | 43 44] .44 | +45 46 | .47 | .48| 49 | 79 [2 
@| 12 44 44 45 46 47 47 | +48 49 50] 5 52 53. | 78 list 
yy} 13 47 | +48] .49 50 5° Bred) age 53 54 55 56 58 | 77 |2: 
Se 5t 52 52 | 353 | 54 | +55 | =56 57 58 59 | -6x 62 | 76 |e 
N] 15 54 sis +56 57 58 +59 .60 -61 62 64 65 .66 | 75 » 

=I 
2 16 58 59 60 61 62 “63 +64 -65 66 68 69 71 | 74 ei 
| 17 -61 -62 63 64 -66 67 -68 69 7° 72 273 75173. \e 
e 18 65 66 67 -68 69 +70 72 a3 74 +76 77 79 | 72 |3 
3] 19 68 69 7O 72 73 +74 76 ayes 78 +80 82 SS) ilevateniese 
g| 2° 72 73 74| +75 yn) 79 | «81 83 84 86 88 | 70 |9 
@} 2x 75 76 78 79 80 82 -83 85 86 88 go 92 | 69 |3 
Ralie2 78 80 81 -82 84 85 87 89 go +92 904 96 | 68 = 
“| 23 82 83 85 86 88 .89 Qt 92 94 96 98 | 1.00 | 67 |p 
el 24 85 87 88 go gr +93 04 96 98 | 1.00 | 1.02 04 | 66 | 2. 
FS 25 89 go 92 93 95 +96 ee” 5.00 | 1.02 | T.04 | 206 | ¥.08 1°65 |'5 
mh 
5c 26 92 93 95 97 -98 | r.00 | 1.02 | r.04 | 1-06 | 3.08 | 1.10 | 2.12 | 64 6 
«| 27 95 -97 98 ||| 1.00 | ¢r.02) || a-04 | Xe5 | r,07 || 1.09) || 2.22) 1.04) |||"ner6.4) 63; lio: 
o| 28 598] 1.60 | 1-02 | 1-03 || Ds08 | 1.07 | x.09 | t.22 | x.x3 | 116 | Te18 | rez0 |) 62) \/e 
2 29 | I.02 | 1.03 O5) | 1.07) | 1609) (Pr. rE | ters) | one | x7, [eTeTO ex ee yt. 24e| OL ie 
2] 30 | 1-05 | 1-07 | 2 8) | PeLOt| Waker) texrae | exo | Dears <2r | 1.23 | 1.25 | 1.28 | 6o hy) 
vo 

Fl BE | F081] 1.10 | x.1x | 2g | a.m5 | r.17 | 1.20: |) a.e2, || 1.24) 2-27 | 1229 || 1-32) 50 8 
a Se NEw ET | EakS | Pets. | Ta | Lito pron pees Here eel eee) | TeROule essa Wy eget 6S ition 
eS SG) | SeEdi |) D260) 1.28 |) e520: |) £22) | seg) 7.26 | tag 1 t. 3k | Bosal ees lneesor 1 57) 2 
ACSA kwk7all) DiyxO) |) Te 2) |) Fio23) 11.25) | tie27) | 130 |e ae |r ssiil| Tes7 let. 4On| ee Asn SOmiG 
P Boaler20) Woe2n | eed xscO (ete 2Q ie tsra Me si \ete SO) i| te Sonl) mead He ted gall ice diren leon Kez 

BON Soe De25) |e he27a|) Le SOu aus leteseal Der ne SON wae | eA Silo 7 tens rom lam A 

af] Hs 20 | T.280) 2.30) 088 2.85 i tea7 1 Peso [Ege | Fae wage | MeSee eGa ll Bs 

Bo) Fe2o)) ESE | a. 33 | z536 | 2. 38))] Fogo} T.43) | 2.86 | TegSal nosy | rosa 5] ase ce 

BOM aes? testa teSO | TBO! [rede 4s) eteaOr ted! |ereses(petesS Nexis Oulmmn Ome te 

40) 2535.) 2.37 | 1.39 || F421 1.44 | 2.47] B49 | F.52 | 1.55 | FES | D.On | 165 | 50 

AT L637 | Peso || E.42,)| TeAe | TA LT SOMeaiss | keS5e TSS [rox | modu nosmdo 

42>|/ X40] 1.42 ] 1.45 |) Bea? [Of 153, B55 | 1.58)) f.6n | r.64 |, 68 t.7r 4 4d 

43 | 1-43 | 1.45 | 1-48 | 1.50 | 1.53 | 2-56 | 1.58 | 1.61 | 1.64 | x.68 | 1-71 | 1.75 | 47 

44 | 1.46 | 1.48 | r.50 | 1.53 | x.56 | r.58 | 1.62 | 1.64 | 1.67 | 1.71 | 1.74 | 1.78 | 46 

45 | 1-48 | r.5x | -53 | T1560 | 2.58 || 4.61) | 1-64 || 1.67 | 1.70 | 1e74 | 1.97) 1-804) 45 


§ 299. TABLES. 303 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 6. 


| 614° | 62° | 624° | 63° | 634° | 64° | 643° | 65° | 653° | 66° | cage | 672 

$ S| 

46°) 1.5% | 1.53 | 1-56 | 1.58 ) 1-62 | 1.64 | 1.67 | 1.70 | 1.74 | 1.77 | 1.80 | 1.84 | 44° 

47 | 1.53 | 1-56 | 2-58 | 1.61 | 1-64 | 1.67 |] 1.70 | 1.73 | 1.76 | 1.80 | 1.83 | 1.87 | 43 

48 | 1.55 | 1.58 } 1.60 | 1.63 § 1.66 | 1.69 | 1.72 | 1.75 | 1.79 | 1.82 } 1.86 | 1.90 | 42 

AQ re 5O4|) 1.61 |) 1.03) |r. 66 | 2.69) | 1272/1) 1.954) 1.79 | 1.82 || x86) |x589) | r<02))| at 

BO 1.60, | 1.63 | 1.66 | 5.69 | 1.72 | 1.75 | 1.78 | x.8r || 1.85 | 1.88 |i x<92 | 1.G6 || 4o 

BI eD-O3) | 1.00 |eTOSk|| To7t N74 | X77) |) 7.80!) m84 | 4.87 | z.or | 1295, |) ago) | 30 

52 | 1.65 | 2.68 | 1.71 | 1.74 | 1-77 | 1.80 | 1.83 | 1.86 | 1.90 | 1.94 | 1.98 | 2.02 | 38 of 
ess | DOF let. 7O |otie7s) | L70)l) Le 7O) i. S2 |) IOS. || L689) |) 1.93) | 1696, || 2.00 | 2.04 | 37, 2 
SOR Seer CO NE 72a aa 7 5a Taro lel OEM Shu) tO XoOL letiagh | hsQOu\mesOs) fco.O7 se aOUl les 
2 55.1 2.72") 1.74 | 4.77 | 1.80 | 1.84 | 1.87 | 1.90 | x.94 | 1.98 | 2.04 | 2,05 | 2.10 | 35 Es 
=H 56 | 1.74 | 1.77 | 1.80 | 1.83 | 1.86 | 1.89 | 1.93 | 1.96 | 2.00 | 2.04 | 2.08 | 2.12 | 34 ee 
A |) 57) || B70) L279) || 1-82) | L685 | v.88] T.9n | 1.95 |) 1.98 | 2-02 | 2.06 | 2.10 | 2.15 | 33) | 
j) | 58] 1-78 | x-8r | 1-84 | 1.87 | 1-90 | x.93 | 1.97 | 2-01 | 2.05 | 2.08 | 2.13 | 2.17 | 32 aS 
—| 59 | x.80%} x.83 | 1.86 | 1.89 | 1.92 | 1.95 | 1.99 | 2-03 | 2.07 | 2.12 | 2.15 | 2.19 | 31 | & 
Nj} 60°] x 8x | 1.84 | 1.88 | z.ox | 2-94 | 1.97 | 2.01 | 2.05 | 2.09 | 2.13 |/2.17 | 2.22 | 30 a 
a lad 
S| 6x | 1.83 | 1.86] 1.89 | 1.93 | 1-96 | 2.00 | 2.03 | 2.07 | 2.11 | 2.15 | 2-19 | 2.24 | 29 |%8 
15) i] 
@ | 62 | 1.85 | 1.88 | 1-91 | 1.94 | 1.98 | 2.04 | 2.05 | 2.09 | 2.13 | 2.17 | 2.21 | 2.26 | 28 |B 
es 63 | 1.87 || r.90 | 1.93 | £.96 | 2.00 | 2.03 || 2.07 |) 2.11 | 2.15 | 2.19 | 2.23 | 2.28 | 27 | 0 
x2) 641.88 | 1.91 | 1-95 | 1.98 | 2.02") 2.05 |) 2.09) || 2.13 |- 2.147 | 2.2r | 2.25 | 2-30 | 26 a 
a 65 | 1.90 | 1.93 | 1-96 | 2.00 | 2.03 | 2.07 | 2.11 | 2.14 | 2.19 | 2.23 | 2.27 | 2.32 | 25 | > 
he! * 
& | 66 I.91 | 1.95 | 1-98 | 2.01 | 2.05 | 2.08 | 2.12 | 2.16 | 2.20 | 2.25 | 2.29 | 2.34 | 24 | 5° 
5 | 67 | 1.93 | 1.96 | 1-99 | 2.03 | 2.06 | 2.10 | 2.14 | 2.18 | 2.22 | 2.26 | 2.31 | 2.36 | 23 | & 
S20 688) 1.945 1.07.1) 20% | 2.04))|02,08) | 2.101! 2.75 | 2.19 || 2.24 2.28 |2.52) 2.37 eats 
| 69 | 1.96 | 1.99 | 2.02 | 2.06 | 2.09 | 2.13 | 2.17 | 2.21 | 2.25 | 2.30 | 2.34 | 2.39 | 21 & 
A 72 | 2,07) |2200 | 2503) | 2.07 | 2.14 | 2.74 | 2.18 |) 2.92 | 2.07 | 2.34 2.36) 2.40) | 20 2 
be TUN TROSN 2 Oli) OF IO2sOop 2.12), 2.00! 2,20) 224.1) 2.28 | 2292) 2.97 | 2 42.\ 9 Sp 
a 721.99 || 2.03 | 2-06 | 2.09) | 2.13 || 2.17 | 2.21 | 2.25) 2.20 | 2.34 | 2.38 | 2.43 | 18 3 
© | 73] 2.00 | 2.04 | 2.07 | 2.11 | 2.14 | 2.18 | 2.22 | 2.26 | 2.31 | 2.35 | 2.40 | 2-45 | 17 | 
se 74 | 2.01 | 2.05 | 2.08 | 2.12 | 2.15 | 2.19 | 2.23 | 2.27 | 2.32 | 2.36 | 2.41 | 2.46 | 16 | by 
2 | 75 | 2.02 | 2.06 | 2.09 | 2.13 2.16 | 2.20 | 2.24 | 2.29 | 2.33 | 2.37 | 2.42 | 2.47 | 15 T 
vo 
“| 76 | 2-03 | 2.07 | 2.10 | 2.14 | 2.17 | 2.21 | 2.25 | 2.30 | 2.34 | 2.39 | 2-43 | 2.48 | 14 g 
‘a | 77 | 2-04 | 2.07 | 2-11 | 2.15 | 2.18 | 2.22 | 2.26 | 2.31 | 2.35 | 2.40 | 2.44 | 2.49 | 13 a 
~ | 78 | 2.05 | 2.08 | 2.12 | 2.15 | 2.19 | 2.23 | 2427 | 2.31 2.36 | 2.40 | 2.45 | 2.50] 12], 
a 79 | 2.06 | 2.09 | 2.13 | 2.16 | 2.20 | 2.24 | 2.28 | 2.32 | 2.37 | 2.41 | 2.46 | 2.51 | 11 | 8 
P| 80 | 2.06 | 2.10 | 2.13 | 2.17 | 2.21 | 2.25 | 2.29 | 2.33 | 2.38 | 2.42 | 2.47 | 2.52 | 10 2 

Sriiez.o7) |e. 10F| 2.04) || 218i) 26021) 2.25,)|92.20) | 2.34 | 2.38 2.430 192.48 | 2053 9 

82 | 2.08 | 2.11 | 2.45 | 2.18 | 2.22 | 2.26 | 2.30 | 2.34 | 2.39 | 2.43 | 2.48 | 2.53 8 

83 | 2.08 | 2.12 | 2.15 | 2.19 | 2.22 | 2.26 | 2.31 | 2.35 | 2.39 | 2.44 | 2.49 | 2-54 7 

84 | 2.08 | 2.12 | 2.15 | 2.19 | 2.23 | 2.27 | 2.31 | 2.35 | 2-40 | 2.45 | 2-49 | 2-55 6 

85 | 2.09 | 2.12 | 2.16 | 2.19 | 2.23 | 2.27 | 2.31 | 2.36 | 2.40 | 2.45 | 2.50 | 2.55 5 

86 | 2.09 | 2.13 | 2.16 | 2.20 | 2.24 | 2.28 | 2.32 | 2.36 | 2.41 | 2.45 | 2.50 | 2.55 4 

87 | 2.09 | 2.13 | 2.16 | 2.20 | 2.24 | 2.28 | 2.32 | 2.36 | 2.41 | 2.46 | 2.50 | 2.56 3 

88 | 2.09 | 2.13 | 2.16 | 2.20 | 2.24 | 2.28 | 2.32 | 2.36 | 2.41 | 2.46 | 2.51 | 2.56 2 

89 | 2.10,| 2.13 | 2.17 || 2.20 | 2.24 || 2.28 | 2.32 || 2.37 | 2.41 | 2.46 | 2.51 | 2.56 I 

go | 2.10 | 2.13 | 2.17 | 2.20 | 2.24 | 2.28 | 2.32 | 2.37 | 2.41 | 2.46 | 2.51 | 2.56 ° 


The bottom line on this page is the collimation factor C (= sec 8). 


f 


304 GEODETIC ASTRONOMY. § 299. 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 6. 


672° | 68° | 683° | 69° | 694° | 70° | 70%° | 7ok? | yok | 77° | 724° | 773° 


4 

Tole OS) +05 +05 05 +05 +05 05 +05 105 +05 +05 -05 | 89° 
2 +09 +09 +10 +10 «10 +10 +10 -10 +II are ES eure! So. 
3 Sui +14 +14 -15 “15 -15 +15 -16 +16 «16 +16 -16 | 87 
a -18 +19 +19 +20 +20 +20 +21 +2 Ker o2t -22 .22 | 86 
5 +23 +23 +24 124 -25 +25 +26 «20 -26 “27 +27 +27 | 85 
6 27 28 28 +29 +30 ache 31 Beh Be -32 33 Bote) 2:7! 
7 || 232 | -33) | 233°] -34 | 235} -36 | -36 | 237°] .37 | .37 | *38 | .38 1.83 
8 +36 637 +38 39 +40 +41 +41 +42 342 +43 +43 +44 | 82 
gf -4r | -42] .43 | +44] -45] -46] .46] .47] -47 |] -48] -49 | 49 | 81 
Oo} +45 | -46] .47]| «49 | -50] -5E] 52] ° 52] .53] +53] +54] -55 | 80 


Il .5° +5 352 sie) +54 +56 -56 257i 58 -59 -59 60 79 
12 +54 -56 -57 -58 +59 +61 .62 -62 .63 -64 65 -66 | 78 
: ‘ d -67 +68 69 +70 aan She 
14 +63 -65 -66 -68 -69 +71 72 s72 °73 +74 ahs -76 | 76 
15 - 68 +69 ays 372 +74 -76 “77 -78 +78 +79 -80 281 | 75 


: 6 F é 3 : +83 84 85 -86 .87 | 74 
17 -76 -78 -80 81 .83 +85 -86 88 .89 +90 +QI +92 | 73 
18 81 283 84 +86 88 -90 ope -93 +04 +95 +96 «97 | 72 
19 85 -87 +89 -9I -93 +95 -96 .98 -99 | ¥.00 | 1.01 | 1.03 | 71 


sin ¢ sec 8). 


4 
Ww 
wn 
No} 

fon 

° 

font 

A 

a 
wo 

OV 
Bd 

a 

con 

ey 
_ 


'(g 998 5 S09 =) J JO}ONJ UOIJeUT[OUI 10j JUDMINSav opis-]Ys11 siq) asQ 


X 

— 

cS) 

2 

oO 

A) 

a 

ve) 

Fe 20 -89 -QI +93 +95 .98 | 1.00 | t.or | 1.02 | 1.04 | 1.05 | 1.06 | 1.08 | 70 

&| 21 94 -96 108 | ¥.00: | 2.02) F505. [2,06 ||) 2007 | £.6G 1 2. to | ath x. 33, | 266 

S| 22 Q8a|| tco. | F020, 1-05 ||'x,07 ||| 1-09) || Pele [Ler | tera ex roy Tet7e |) Baron 68 

1" 23 | 1,02 | £.04 || 1.07 | Z.0g || r.12 | 2.14 |'x.16 | ¥.47 | 2.49 | D.20 | Yo2n | r.23 | 67 

Heda DOOM ECO Lear x. cA ere tO eueLO ill 7.20) et. ooulet 25 llr. 2o. ere 7allet cou OO 

2 CAPM oesitey I eenodey |) Sarde apd || eee Se YUM eae lane y all aqaelsl I sdeerer lll Garena | Seceh | (6.4 

ec ZONES) | Le 70) PXn20) ee 2em| reeset. 26 Nt .30) ete SE ci oreo Salute gsi F301 en somnoe 

| 27 | x-x9 | r.21 | 1.24 | 1.27 T.Q0) ||| Pe33i | ead (et. SO | T3880 ae. 3Gm| et.4t0 |. As tOs 

Oi r2Ser.23 \ri25 \ rw285| Tegr | r.34 01.37) 2239) | eqt | Red24) 2.441) 240 |) 8045 Neos 

3 29 || 1.27) 1.20 | £32 | 2.351238 | B42 | 2243. | 2-45 | 2.47 1 Bog | TeST [27.83 | Gr 

BESO Xe Skal esi Ee sone 3Q) |k.430 | ee4Ol lun. 49) em SOm|en5e ee S4ilte5O simtesG aco 

bel 

o 

Fall Shall ee35 1.38 | 1.40] 1.44 | z.47 | T-5r | 2.52 |) 1.54 | 2.56 | F.58 || F.60 || T562°> [4509 

S| 32 | 1-39 | 1.42 | 1-45 | 1.48 | 1.5¢ | 1.55 | r.57 | 1-59 | 1.61 | 1.63 | 1.65 | 1.67 | 58 

SES Sy | Lede er A Sell edOb | TeS2m| De Sse lela SOnts BaOee | reO3i |e. OS ehO7 Her OOM kaye: 

O34 2.46) or. 497|| 2.530 |(9r.56) ler. 600 | 63 | n.65) |) 2-68m|| 2.70 em 72) (x. 740/ £761) 56 

135.) 2-50. ] 7.53 | 2.56 | 1-60 | 1.64] 2.68 | t.70 | 1672 | F274 | 1-76 | Bu78 | 2.-8x.| 55 
SO) |res4 e571. Gol 1.647) 2-68) |) Le72" | 2.74 | 1-70: lee7o) 1 T<soOn| 1183} Tess ill 54 
379) 5-57 | u.Or | 2.64 ) 1,68 | 2.92 [a¥-76 | ¥igS | 2.80} 2.83. | 2.85 |!) 1.87 | 2.90 | 535 
39) Sr. On ht 664 5.68 1.72 i a7 6 se Sonler ee cS4 ln. 87 ln, Sou nQnel 604m 52 
39 | 1.65 | 1.68 | 1.72 | t.75, | 1.80 | 1.84 | 2.86 | 1.88 | 2.9 | 1.93 | 1.96 | 1.98°] sr 
40 | 1.68 | 1.72 | 1.75 | 1.79 | 1.84 | 2.88 | 1.90 | 1.93 | 2.95 | 2.97 | 2.00 | 2.03 | 50 
41) | 1.71 | 1.75 | 1.79 | x83 ] 1.87 | 1-92 | 1.94 | 1.96 | 1.99 | 2.01 | 2.04 | 2.07 | 49 
42) 2.975 | 1579 | m83 | 1.87 | Z.9t | T96.| 2.98 | 2.00.) 2.03 | 2.05) 2,08 | S.rm | 48 
43 | 1.78 | r.82 | 1.86 | 1.901 3r.95 | 2-99 | 2.02 | 2.04 | 2.07 | 2.09 | 2.72 | 2.15 | 47 
44 | 1.82 | 1.85 | 1.90 | 1.94 | 1.98] 2.03 | 2.06 | 2.08 | 2.11 | 2.13 | 2.16 | 2.19 | 46 
45 | 1.85 | r.89 | 1.93 | 1.97 | 2.02 | 2.07 | 2.09 | 2.12 | 2.14 | 2.17 | 2.20 | 2.23 | 45 


§ 299. TABLES. 305 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 68. 


673° | 68° | 684° | 69° | 6g4° | 70° | 703° | zo? | 7oR? | 7x° | 714° | 714° 


$ 
46°] 1-88 | 1.92 | 1.96 | 2.01 | 2.05 | 2.10 | 2.13 | 2.15 | 2.18 | 2.01 | 2.24 2.27 | 44° 
47 | 1-9 | 1-95 | 2.00 | 2.04 | 2.09 | 2.14 | 2.16 | 2.19 | 2.22 | 2.25 | 2.27 | 2.30 | 43 
48 | 1.94 | 1.98 | 2.02 | 2.07 | 2.12 | 2.17 | 2.19 | 2.22 | 2.25 | 2.28 2.31 | 2.34 | 42 
49 | 1.97 | 2.01 | 2.06 | 2.11 | 2.16 | 2.21 | 2.23 | 2.26 | 2.29 |' 2.32 | 2.35 | 2.38 | 4x 
50 | 2.00 | 2.04 | 2.09 | 2.14 | 2.19 | 2.24 | 2.27 | 2.29 | 2.32 | 2.35 | 2.38 | 2.41 | 40 
51 | 2.03 | 2.07 | 2.12 | 2.17 | 2.22 | 2.27 | 2.30 | 2.33 | 2.36 | 2.39 | 2.42 | 2.45 | 39 
2 | 2.06 | 2.10 | 2.15 | 2.20 | 2.25 | 2.30 | 2.33 | 2.36 | 2.39 | 2.42 | 2.45 | 2.48 | 38 a 
&| 53 | 2-09 | 2.13 | 2.18 | 2.23 | 2.28 | 2.33 | 2.36 | 2.39 | 2.42 | 2.45 | 2.48 | 2.52 | 37 os 
o| 54 | 2-1 | 2.16 | 2.2x | 2.26 | 2.31 | 2.37 | 2.39 | 2.42 | 2.45 | 2.48 | 2.52 | 2.55 | 36 lo 
S| 55 | 2-14 | 2.19 | 2.23 | 2.29 | 2.34 | 2.40 | 2.42 | 2.45 | 2.48 | 2.52 | 2.55 | 2.58 | 35 Ee 
“An 
| 56 | 2.17 | 2.21 | 2.26 | 2.3 | 2.37 | 2.42 | 2.45 | 2.48 | 2.52 | 2.55 | 2.58 | 2.6x | 34 a 
G| 57 | 2.19 | 2.24 | 2.29 | 2.34 | 2.39 | 2-45 | 2-48 | 2.51 | 2.54 2.58 | 2.61 | 2.64 | 33 > 
Ih} 58 \"2.22\ | 2.26) | 2.31 | 2.37) 2.42 | 2.48 | 2.55) | 2.54 | 2.57 | 2.65 || 2.64 | 2.67 | 32 | 
i 59 | 2-24 | 2.29 | 2.394 | 2.39 | 2045 | 2.51 | 2.54 | 2.57 | 2.60 || 2.63 | 2.67 | 2.70 | 3x |S 
NX} 60 | 2.26 | 2.31 | 2.36 | 2.42 | 2.47 | 2.53 |] 2.56 | 2.59 | 2-63 | 2.66 | 2.69 2.73 | 30 e 
e 
mm 
2 6r | 2.29 | 2-33 | 2.39 | 2.44 | 2.50 | 2.56 | 2.59 | 2.62 | 2/65 | 2.69 | 2.72 | 2.76 | 29 *8 
| 62 | 2.3r | 2.36 | 2.41 | 2.46 | 2.52 | 2.58 | 2.61 | 2.64 | 2.68 | 2.71 | 2.75 | 2.78 | 28 3 
1| 63° || 2.33) | 2.38 2-43) | 2-49 | 2.541) 2.60 2.64 || 2°67)| 2.70 | 2.74 | 2:77 | 2.88 27 Ie 
5| 64 | 2.35 | 2.40 | 2.45 | 2.51 | 2.57 | 2.63 | 2.66 | 2.69 [| 2.73 | 2.76 | 2.80} 2.83 | 26 |S 
€65 | 2.37, | 2.42) | 2.47 || 2.53) ) 2.50) || 2-65 | 2.68 | 2.71 | 2.75 | 2.78] 2.82 || 2.86 | 25 5 
ae) “io, 
ey 66 | 2.39 | 2.44 | 2.49 | 2.55 | 2.61 | 2.67 | 2.70 | 2.74 | 2.77 | 2.82 | 2.84 | 2.88 | 24 |S 
©| 67 | 2.41 | 2.46 | 2.51 | 2.57 | 2.63 | 2.69 | 2.72 | 2.76 | 2.79 | 2.83 | 2.86 | 2.90 | 23 fz 
| (08 | 2.42 | 2.47) | 2.53 | 2-50.) 2765 | ae7r | 2.74 |-2.78' | 2:82 | 2.88) 2.88.) o.92° | 22°) 
&! 69 | 2.44 | 2.49 | 2.55 | 2.61 | 2.67 | 2.73 | 2.76 | 2.80 | 2.83 | 2.87 | 2.90 | 2.94 | at |B 
FI 7O | 2.46 | 2.51 | 2.56 | 2.62 | 2.68 | 2.75 | 2.78 | 2.81 | 2.85 | 2.89 | 2.92 | 2.06 | 20 g 
3 
bo) 71 | 2.47 | 2.52 | 2.58 | 2.64 | 2.70 | 2.77 | 2.80 | 2.83 | 2.87 | 2.90 | 2.94 | 2.98 | 19 s 
S| 72 | 2.49 | 2.54 | 2.59 | 2.65 | 2.72 | 2.78 | 2.81 | 2.85 | 2.88 | 2.92 | 2.96 | 3.00 | 18 s 
~4| 73 | 2-50 | 2-55 | 2.6 | 2.67 | 2.73 | 2.80 | 2.83 | 2.86 | 2.90 | 2.94 | 2.97 | 3.0r | 17 |& 
“H\ 74 | 2.51 | 2.57 | 2.62 | 2.68 | 2.74 | 2.81 | 2.84 | 2.88 | 2.92 | 2.95 | 2.99 | 3.03 | 16 |ty 
£2! 75 | 2.52 | 2.58 | 2.64 | 2.70 | 2.76 | 2.82 | 2.86 | 2.89 | 2.93 } 2.97 | 3.00 | 3.04 | 15 T 
uv 
w| 76 | 2.54 | 2.59 | 2.65 | 2.71 | 2.77 | 2.84 | 2.87 | 2.91 | 2.95 | 2-99 | 3.02 | 3.06 | 14 c 
15] 77 | 2.55 | 2.60 | 2.66 |} 2.72 | 2.78 | 2.85 | 2.88 | 2.92 | 2.95 | 2.99 | 3.03 | 3.07 | 13 |@ 
a 78 | 2.56 | 2.61 | 2.67 | 2.73 | 2.79 | 2.86 | 2.89 | 2.93 | 2-97 | 3.00 | 3.04 | 3.08 | 12 ee 
2! 79 | 2.57 | 2.62 | 2.68 | 2.74 | 2.80 | 2.87 | 2.91 | 2.94 | 2.98 | 3.02 | 3-05 | 3.09 | Ir o 
=) 80 | 2.57 | 2.63 | 2.69 | 2.75 | 2.81 | 2.88 | 2.91 | 2.95 | 2-99 | 3-02 | 3.06 | 3.10 } 10 & 


8x | 2.58 | 2.64 | 2.69 | 2.76 | 2.82 | 2.89 | 2 9 
82 | 2.59 | 2.64 | 2.70 | 2.76 | 2.83 | 2.90 | 2 8 
83 | 2.59.| 2.65 | 2.71 | 2.77 | 2.83 | 2.90 | 2.94 | 2.97 | 3-01 | 3-05 | 3.09 | 3.13 7 
841| 2.60 | 2.66 | 2.71 | 2.78 | 2.84 | 2.9t | 2 6 
85 | 2.60 | 2.66 | 2.72 | 2.78 | 2.84 | 2.91 | 2 5 


86 | 2.6x | 2.66 | 2.72 | 2.78 | 2.85 | 2.92 | 2.95 | 2.99 | 3.03 | 3-06 | 3.10 | 3.14 4 
87 | 2.61 | 2.67 | 2.72 | 2.79 | 2.85 | 2.92 | 2-95 | 2-99 | 3-03 | 3-07 | 3-11 | 3-15 3 
¢! 88 | 2.61 | 2.67 | 2.73 | 2.79 | 2.85 | 2.92 | 2.96 | 2.99 | 3.03 | 3.07 | 3.12 | 3-15 2 
89 | 2.61 | 2.67 | 2.73 | 2.79 | 2.86 | 2.92 | 2.96 | 3.00 | 3.03 | 3.07 | 3 14 | 3.15 I 
go | 2.61 | 2.67 | 2.73 | 2.79 | 2-86 | 2.92 | 2.96 | 3.00 | 3.03 | 3.07 | 3.11 | 3.15 ° 


The bottom line on this page is the collimation factor C (= sec 8). 


306 GEODETIC ASTRONOMY. § 299. 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 4. 


pee \\ GES NORE TPES NGO | WE | ERS GS | GE EO Eee 
4 
xo 05 06 06 06 +06 06 .06 06 06 +06 +06 89° 
2 T1 It It ole 12 ez) -12 12 12 13 13 88 
3 17 17 17 17 18 18 18 18 19 +19 19 87 
4 +22 +23 23 +23 23 -24 +24 24 25 25 26 86 
ig +28 +28 29 +29 29 .30 +30 31 31 32 32 85 
gall -G 33 | -34] +34] -35 | +35] -36] .36 37 37 | .38 39 | 84 
a) 7 +39 | -39 40 | .4I 41 42 | 42] .43 44 44] -45| 83 |G 
Ces 44] 45 46 | .46 47 | .48 | .48 49 50 5° 5x} 82 16 
EO +50 | 51 sr] .52 53 53 | -54| +55 56 57 58 | 8 Ie 
a} 2° +55 56 57 58 59 -60 61 62 63 64 80 |=. 
= + 
1 rr .6r| 62] .63] .63] .64] .65| .66| .67] .68| .69] .70] 79 |cq’ 
~| 12 66 -67 68 -69 70 +71 72 73 74 75 77 78 |= 
Ni] 13 72 | .73 74a eT IN hei) 7 S3| be) 80 | .82 | .83 |) 77 Ja 
u| 14 7 78 79 80 82 83 84 85 87 +88 89 76 2. 
$| 15 83 | .84| .85 | .86]) .87] .89] .90] .o2 93 | 94] -95| 75 |% 
a 
=| 36 88 89 gr 92 Cm || sev! 96 | .07 99 | 1.00 | x.02 | 74 |S 
ei ee 93 95 96 =97. 99 | 4.00 | T.0r | 1.03 | 3:05 | 1.06 | 2.08 73h iS 
3) 18 99 | 1-00 | 1.04 | 1.03 | 1.04 | 1.06 | 1.07 | 1709 | 1.10 | 1.12 | 1.14 72 gy 
& 19 TEOY IN Secsoled ll eyoyf || eotsal oacptowll Sicp dy dpb gender | saruiky |b aenads) lf Mucpdsy |} Bayrye) Ge |ies 
3| 20 TECQ Nt 10 I) Vets |r. kAa | y, TSp k. tg xoxo) ft2Oula.22 | ermegs 20 70 |S 
h = 
S| 2x Tarde oO) PeL7 ETO lr. 2k) | rz x24 |e 20 || tn Om le. s0 eee 69 |S 
ey) 2 K.20) || Ketan 230 om. 25)1/ ai 20) || Tee8iil wegonense: ereaqal reson) £.S6 68 |. 
©} 23 E25 |) 1.26 || 2628"| 2.300] 2.32 | 1.34 | 8.36 | E538) | Tego | 14s) ¥.44 67 |3 
g 24 2.30, |) F032} F-33135" hk. 37 | E-30) Xo au | B43 | 2.45) 2.48]. 50 66 Bs 
bo] 25 Peoeisy || Bese ye |) Sanelepe || Pears || seer neers | aay, Wl ere) ll sancse || Seeiey || aaqb ie oe 
: 26 Todo |e 42) | F644 | 5.400249 | ceson| rease ltw.54 li xes7il a.59) |) 10x 64 S 
S| 27 He450 | 0-47 | Feds) BeS=D He Ue SS | DPSS) | PSS el) 7.00 | 2.621) 2.65 | 1.07 Geis tes 
S| 28 WSO Tse tesa ceSON |r. 5o | D-OOnmre Oo eE.Osell 7. OGmimm FORTS 62 5 
Sal 28 SS Lc S7 al LeSOuer Ome x. O3n i rOOn in OS ements lero) 270M gO 6r |b 
All £2 TOO ||| 1262 ar, OAN e006) |) age easy lle 7 On| x70) | taSE aeesS4! 60 T 
= 31 T04|)%.070) 1-O9u|ae7X | e74niere 70! |) tego lenox |) 184 87 | 1.90 BQ is 
Ciaese GAA mines | eeey iW creayhey | ae foy || taatone tl Sitev nd! Gentsy/ Varese) |i Satory |) santoys 58 |% 
Fd) 033 E74 | 2.76. | H.79 | 2-8X || 1.584) 2.86) || a .80i|| z.92 ||| 7-95 | 1-98) | 2.07 57 ane 
34 1.79 | 1.81 | 2.83 | 1.86 | 1.89 | r.9r | r.94 | 1.97 || 2.c0 | 2.03 | 2.06 56 |o 
35 1.83 | 1.86 | 1.88 | 1.91 | 1.93 | 1.96 | 1.99 | 2.02 | 2.05 | 2.08 | 2.11 55 a 
36 1.88 | 1.90 | 1.93 | 1-95 | 1.98 | 2.01 | 2.04 | 2.07 | 2.10 | 2.13 | 2.16 54 
37 1.92 | 1.95 | 1.97 | 2.00 | 2,03 | 2.06 | 2.09 | 2.12 | 2.15 | 2.18 | 2.22 53 
38 1.97 | 1.99 | 2.02 | 2.05 | 2.08 || 2.rz | 2.14 | 2.17 | 2.20 | 2.23 | 2.27 52 
39 | 2.01 | 2.04 | 2.06 | 2.09 | 2.12 | 2.15 | 2.18 | 2.22 | 2.25 | 2.28 | 2.22 5r 
4ZOVn|2.05)|) 2,000 2arr | 2.240 ez, 27a 2.20u2e2aule2. 20) lo. 20a agai. ai 5° 
41 2.09 | 2.12 | 2.15 1 2.18 | 2.20 2.240i2.28) | 2.9r | 2.34 || 2.38) 9.42 49 
42 2.14 | 2.16 | 2.19 | 2.22 | 2.26 | 2.a9 | 2.32 | 2.36 | 2.39 | 2.43 | 2.46 48 
43 TeolSu | 220 )| 2.24 52027 | vogomha2 39 |\se.g7 | 2.40 aug qulez-a7l|wouny 47 
44 2.22 | 2.2 2.28 | 2.3x | 2.34 | 2.38 | 2.42 || 2.45 | 2.48 | 2.52 | 2.56 46 
45 2.20 | 2.29 | 2.32 || 2.35 | 2.38 | 2.42 | 2.45 | 2.49 | 2.53 | 2.56 | 2.60 45 


§ 299. TABLES. 307 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 4, 


Tie | 72° | 72k° | 72a° | 728° | 73° 1-9734° | 734° | 738° | 74° | 74k° 

S $ 

46° | 2.30 | 2.33 | 2.36 | 2.39 | 2.42 | 2.46 | 2.49 | 2.53 | 2.57 | 2.61 | 2.65 44° 

47 2.33 | 2.37 | 2.40 | 2.43 | 2.47 | 2.50 | 2.54 | 2.57 | 2.61 | 2.65 | 2.66 43 

48 2.37 | 2.40 | 2.44 | 2.47 | 2.51 | 2.54 | 2.58 | 2.62 | 2.66 | 2.70 | 2.74 42 

49 2.4% | 2.44 | 2.48 | 2.51 | 2.55 | 2.58 | 2.62 | 2.66 | 2.70 | 2.74 | 2.78 41 

50 2.45 | 2.48 | 2.51 | 2.55 | 2.58 | 2.62 | 2.66 | 2.70 | 2.74 | 2.78 | 2.82 40 

51 2.48 | 2.51 | 2.55 | 2.58 | 2.62 | 2.66 | 2.70 | 2.74 | 2.78 | 2.82 | 2.86 39 

52 2.52 | 2.55 | 2.58 | 2.62 | 2.66 | 2.69 | 2.73 | 2.77 | 2.82 | 2.86 | 2.90 38° |S 
a 53 2.55 | 2.58 | 2.62 | 2.66 | 2.69 | 2.73 | 2.77 | 2.81 | 2.85 | 2.90 | 2.94 37 |9 
a Ge 2.58 | 2.62 | 2.65 | 2.69 | 2.73 | 2.77 | 2.81 | 2.85 | 2.89 | 2.94 | 2.98 36 ce 
@| 55 2.62 | 2.65 | 2.69 | 2.72 | 2.76 | 2.80 | 2.84 | 2.88 | 2.93 | 2.97 | 3.02 Soames 
Ns o 
al 56 2.65 | 2.68 | 2.72 | 2.76 | 2.80 | 2.84 | 2.88 | 2.92 | 2.96 | 3.01 | 3.05 34 log 
a! 57 2.08 |) 2.70 ||(2.75) | 2.79) || 2.83) || 2.87 || 2-91 | 2.95 || 3.00 | 3.04 || 3.09 3370) 
VW] 58 2.71 | 2.74 | 2.78 | 2.82 | 2.86] 2.90 | 2.94 | 2.99 | 3.03 | 3.08 | 3.12 32 |o 
Sills x) 2674 2.775) 2rOk a) 2588) 2.80).| 2.93. 2.97 | 3.02 | 3:06 | 3.18 | 3.26 Say 
“S| 60 2.76 | 2.80 | 2.84 | 2.88 | 2.92 | 2.96 | 3.01 | 3.05 | 3.09 | 3.14 | 3.19 30 % 
5 n 
i Ox AMON 25) \N2sO70 lp 2eOLain2sO5u 2.00) | 350441) 3.00) 3.23 113.57) Q.22 29 |¢ 
S| 62 2.G27\"2eS0) 26 QO) ||P 2:040i|" 2981 1|' 3602 (93 /O6Nl Zar |-S.201l\ 3.20111) 3.25 28 |8 
a} 93 2.84 | 2.88 | 2.92 | 2.96 | 3.00 | 3.05 | 3.09 | 3-14 | 3.18 | 3.23 | 3.28 27 |8 
5| 64 2. OT MeesOuu 2.05492 290N| 3.030307) 3. h2u|) 35009] 8.28 || 3.2001 3.3% 26 | 
| 65 2.89 | 2.93 | 2-97 | 3-01 | 3.06 | 3.10 | 3.14 | 3.19 | 3:24 | 3.29 | 3-34 25 S 
N 
S| 66 | 2.92 | 2.96 | 3.00 | 3.04 | 3-08 | 3.13 | 3.17 | 3-22 | 3-27 | 3.31 | 3.37] 24 3 
S| 67 | 2-94 | 2-98 | 3.02 | 3.06 | 3.10 | 3.15 | 3.20 | 3-24 | 3-29 | 3-34 | 3-39 | 23 = 
lcs. 2500N||3's00) | 4.O4 nls OC |e 3e19) |S e17 |p ac22ul) 3220016 3.3 || 3230 103.42 22/5 
E| 69 | 2-98 | 3-02 | 3.06 | 3.10 | 3.15 | 3-19 | 5.24 | 3-29 | 3-34 | 3-39 | 3-44] 2 Jo. 
g| 7° BOO NS. O04 Nis vOOnle eA 2y nS. 07. || 8.2 go25 13,38 )) 9336 | 3.aT I) 346 20 eC 
id ih 
6) 71 | 3.02 | 3.06 | 3.10 | 3-14 | 3.19 | 3.24 | 3-28 | 3.33 | 3.38 | 3-43 | 3-48 | 19 |B 
“| 72 SOd) | FsOCom eae @an lr S.40n) 9.28 | 3525 0 S.30. |) 3.85 |) 3.40 aaed5e | 3.50 18 Ss 
|} 73 | 3-05 | 3-09 | 3-14 | 3-18 | 3.22 | 3-27 | 3.32 | 3-37 | 3-42 | 3-47 | 3-52] 17 |" 
“a\ 74 | 3-07 | 3-12 | 3-15 | 3-20 | 3.24 | 3-29 | 3.33 | 3-38 | 3-44 | 3-49 | 3-54 | 16 [by 
£| 75 | 3-08 | 3-13 | 3-17 | 3.21 | 3-26 | 3-30 | 3.35 |, 3-40 | 3-45 | 3-50] 3.504 15 [7p 
o 
ir Tomes eton lis .x4n|osnxO ues 23\ea2o 332h\e3.a7)ns-42ulean 4703-530 leae5oa| ex4malla 
S| 77 | 3-12 | 3-15 | 3-19 | 3-24 | 3.29 | 3-33 | 3-38 | 3-43 | 3-48 | 3.54] 3-59 | 13 [fh 
o| 78 | 3-72 | 3-16 | 3-21 | 3.25 | 3-30 | 3-34 | 3-39 | 3-44 | 3-49 | 3-55 | 3.60] 12 |y 
®| 79 Sel Sei esetoul! 3.22 lh oe20) lege Se 1a 9630)! 3.40 e340.) S551) 134050) |3.62 LES 
| 8 | 3.14 | 3.19 | 3.23 | 3.27 | 3-32 | 3-37 | 3-42 | 3-47 | 3-52 | 3-57 | 3-63 | 10 lo 

8x | 3.15 | 3.20 | 3.24 | 3.28 | 3.33 | 3-38 | 3.43 | 3-48 | 3-53 | 3-58 | 3.64 9 

82 | 3-16 | 3.20 | 3.25 | 3-29 | 3.34 | 3.39 | 3-44 | 3-49 | 3-54 | 3-59 | 3-65 8 

83 | 3.17 | 3-21 | 3-26 | 3.30 | 3.35 | 3-40 | 3-45 | 3-49 | 3-55 | 3.60 | 3.66 7 

84 3.18 | 3.22 | 3.26 | 3.3r | 3.35 | 3-49 | 3-45 | 3-50 | 3-55 | 3-62 | 3.66 6 

85 3.18 | 3.22 | 3.27 | 3.31 | 3.36 | 3.41 | 3.46 ! 3.51 | 3.56 | 3.61 | 3.67 5 

86 | 3.19 | 3-23 | 3-27 | 3-32 | 3-36 | 3-41 | 3.46 | 3.51 | 3.57 | 3.62 | 3.68 4 

87 | 3.19 | 3-23 | 3-28 | 3.32 | 3.37 | 3-42 | 3-47 | 3-52 | 3-57 | 3-62 | 3.68 3 

88 3-19) | 3.23 | 3.28 || 3.32 | 9-37 | 3:42 | 3547 1 3-52 | 3.57 | 3-62 | 3.68 2 

89 | 3-19 | 3-24 | 3.28 | 3.33 | 3-37 | 3-42 | 3-47 | 3-52 | 3.57 | 3-63 | 3.68 I 

go | 3.19 | 3-24 | 3 28 | 3-33 | 3.37 | 3-42 | 3-47 | 3-52 | 3-57 | 3-63 | 3.68 ° 


The bottom line on this page is the collimation factor C (= sec 4). 


308 GEODETIC ASTRONOMY. § 299. 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 6. 


744° | 743° | 75° | 758° | 758° | 758° | 76° | 764° | 764° | 768° | 77° | 773° 
S 
Too) +07 +07 +07 07 :07 +07 07 +07 08 +08 08 | 89° 
2 nS 013 «3 +14 ard: 14 -14 PES 15 «05 16 16 | 88 
B +20 20 -20 21 2 21 -22 +22 22 23 23 24 | 87 
4 26 27 127 +27 28 28 +29 +29 30 30 31 32 | 86 
5 33 33 | +34 | +34 35 35 | +36 37 37 38 39 40 | 85 
6 3 40 | .40 4r 42 | .42| .43 44 45 46 |" .46 | «47 | 84] 
7 46 | .46 | .47 48 49 50 | «50 { «52 52 53 54| +55 ) 83 |G 
elas 52 353) +54 55 56 “57 -58 59 60 61 62 63 | 82 |o 
ai lek) 58 +59 +60 -61 62 64 +65 66 67 68 +70 aa ac aed ease 
@ Io 65 66 .67 68 69 71 172 73 ‘74 76 77 79 | 80 | 
a at 
| ee 7a 373 74 | «75 76 77| +79 | -80] .82 83 85 86 | 79 |72. 
rll eee +78 79 .80 82 +83 +85 86 88 -89 -OI 92 94} 78 |5 
| 23 -84 86 87 88 +90 QI +93 95 96 -98 | I.00 | 1.02 | 77 |w 
~| 14 +O +92 94 95 97 g8 | 1.00 |] X.02 | 1.04 | 4.06 | 3.08 | 1.10 | 76 | & 
Ni] 15 97 Q8MleaeOo |x. 02 || T5038 NrsO5) 697 | FOG dete Ne tee gi ll Cems een) sl ee & 
J a 
2) 0x6 || 21031] F108 || 1.06 | 1-08 |) 210) |i xvx2) || rer4 | xex6! |ro18) 1.20 \Nxo9 | t.25 lena eS 
Se lex7al eeOON |i ternal LetQueters NIee 7 let |erazk | tees eres lress | Eego erase leah 
S534 2.16) | Fea7 | C.1O) | Beer | -n.2g | e225 | 2.28 | x30) 1 e2) | 2.35 | Zs7 I X-donl es ie 
a TQu|| De2e!r.24 | 1626) | 97528) |r. 300) 1.32) |i. 355! 2397 fir.go || t-42clercas | teaz hy lier 
F 20 || 1.28 | F.30) | 1.32) | 3034 | 1637 | 1639) || Fe4t, | 1-44 | x46) || 7.40) | T.52 | 1655, 70 |g 
&| 2x | x 34 | 1636 |er.38\ |) x.4d | t-43 (2.46 II) t,48 Nl ta5t | 2.54 ||) 2.56) | 2.50 ||) 2.025) 60 |= 
&| 22 | r.40 | 1-42 | 1.45 | 1.47 | 1-50 | 1.52 | 1-55 | 2 58 | 1.60 | 1.63 | 1.66 | 1.70 | 68 )& 
S9i23) 1 EedOo | Le49) | De5keq || To54ul) WHhOnl Tso) TaO2: | 1.64 m.67 ||) Xe70 | e740 || te77 || O70 
qic24 | x.52 1) 2055 | 2.57 || £260] X63 | 1.65 |) 1468 | 1570 || 2274") 1.77 || F.SE'|| 1.84. |) 6O |= 
FS 26) \r.58) |) YOK || X23 | 1066) 81.69) |ixe72) |) 75) |) fa7o) | peor) ||| L.S44|| esos Ie OKN AOS He 
=] ~ 
a6 26 | 1.64 ||| T67)\|! 1.60) || 1e72) | 1o75| m.788) TSE || TSA) | L688")! DeOx iT.95 1) L-091)|) 64 |2 
@| 27 | 1.70 | 4.73 | 1-75 | r.78 | 1.8r | 1.85 | 1.88 | 1.9% | 1.95 | 1-98 } 2.02 | 2.06 | 63 = 
& 28 | r.76 | 1.78 | .8x | 1.84 | 1.87 | z.91 | 1.94 | 1.97 | 2.0% | 2.05 | 2.09 | 2.13 | 62 | 
-“g| 29 | 1.81 | 1.84 | 1.87 | 1.90 | 1.94 | 1.97 | 2.00 | 2.04 | 2,08 | 2.11 | 2.15 | 2.20 | 6r | by 
2| 3° 1.87 | 1.90 | 1.93 | 1.96 | 2.00 | 2.03 | 2.07 | 2.10 | 2.14 | 2.18 | 2.22 | 2.27 | 60 iT 
o 
Bil Be || £93. | 1-96 ||| 1-99 | 2.02)| 2.06 | 2.09) || 2ir3 52.17 | 2.er |} 2.25 | 2.29 || 2-33) | co Ig 
‘a || 32 | I-98 | 2-0r | 2.05 | 2.08 | 2.12 | 2.15 | 2.19 | 2.23 | 2.27 | 2.391 | 2.36 | 2.40 |) 58 | 
| 33 | 2.04 | 2.07 | 2.10 | 2.14 | 2.18 | 2,21 | 2.25 | 2.29] 2.33 | 2.38 | 2.42 | 2.47 | 57 fee 
| 34 | 2.09 | 2.13 | 2.16 | 2.20 | 2.23 | 2.27 | 2.31 | 2.35 | 2.40 | 2.44 | 2.49 | 2.53 | 56 |0 
P 25) 2-25 4|' 2.28 2.22) || 2.26 || 2820 | 2.39 | 2.97 I avar | 92.465 2.50 12.55 |) a.60" | 65 +S 
30 | 2.20 |.2.24 | 2.27) 2.31 | 2.35 | 2.399 | 2.43 | 2.47 | 2.52 | 2.56 | 2.6n | 2.66) 54 j 
37, | 2.25 | 2.20 | 2.33] 2.36 | 2.40 | 2044 | 2.49 | 2.53, 1| 2.58 | 2.63 | 2-67 | 2.9351 53 
38 | 2.30 | 2.34 | 2.38 | 2.42 | 2.46 | 2.50 | 2.55 | 2.59 | 2.64 | 2.69 | 2.74 | 2.79 | 52 
39 | 2.35 | 2-39 | 2-43 | 2-47 | 2.51 | 2.56 | 2.60 | 2.65 | 2.70 | 2.75 | 2.80 | 2.85 | 51 
40 | 2.40 | 2.44 | 2.48 | 2.52 | 2.57 | 2.61 | 2.66 | 2.70 | 2.75 | 2-80 | 2.86 | 2.91 | 50 
4 |'2.45 | 2-49 | 2.53 | 2.58] 2.62 | 2.66 | 2.77 | 2.76 | 2.81 | 2.86 | 2.92 | 2.97 | 49 
42 | 2.50 | 2-54 ¢ 2.58 | 2.63 | 2.67 | 2.72 | 2.77 | 2.81 | 2.87 | 2.92 | 2.97 | 3.03 | 48 
43 | 2.55 | 2-59 | 2.63 | 2.68 | 2.72 | 2.77 | 2.82 | 2.87 | 2.92 | 2.98 | 3.03 | 3.09 | 47 
44 | 2.60: | 2.64 | 2.68 | 2.73 | 2.77 | 2.82 | 2.87 | 2.92 | 2.98 | 3.03 | 3.09 |-3.15 | 46 
45 | 2.65 | 2-69 | 2.73 | 2.78 | 2.82 | 2.87 | 2.92 | 2.97 | 3.03 | 3.08 | 3-14 | 3.20 || 45 


§ 299. PABLES.. 4; 309 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 


OBSERVATIONS. 
This top argument is the star’s declination + 6. 
Tak 748° | 752") 75a | 753°") 752° |76°" || 762° || 764°) 762°" || 77° | 77° 
g | 

46°| 2.69 | 2.73 | 2.78 | 2.82 | 2.87 | 2.92 | 2.97 | 3.03 | 3.08 | 3.14 | 3.20 | 3.26 | 44° 

47 | 2-74 | 2.78 | 2.83 | 2.87 | 2.92 | 2.97 | 3.02 | 3.08 | 3.13 | 3.19 | 3.25 | 3.32 | 43 

48 | 2.78 | 2,82 | 2.87 | 2.92 | 2.97 | 3.02 | 3.07 | 3.13 | 3.18 | 3.24 | 3.30 | 3.37 | 42 

49 | 2-82 | 2.87 | 2.92 | 2.96 | 3.0 | 3.07 | 3.12 | 3.18 | 3.23 | 3.29 1-3.35 | 3.42 | 4x 

50 | 2.87 | 2.91 | 2.96 | 3.01 | 3.06 | 3.11 | 3.17 | 3.22 | 3.28 | 3.34 | 3.41 | 3-47 | 40 

512292 |) 2695, |.3-00! || 3.05) 3.10) ng. 7Onl 320 1 3.27) | 3233 3-39 | 3-45 | 3-52 | 39 

52 | 2.95 | 3.00 |] 3.04 | 3-09 | 3-15 | 3.20 3.26 3235.) 3-38] 3.44 |, 3.50 S57 38 a 
Z| 53 | 2-99 | 3-04 | 3-09 | 3-14 | 3-19 | 3.24 | 3-30 | 3-36 | 3.42 | 3.48 | 3-55 | 3-62 | 37 | 2 
S| 54 | 3-03 | 3:08 | 3-23 | 3-18 | 3-23 | 3-29 | 3-34 | 3-40 | 3.47 | 3-53 | 3-60 | 3.67 | 36 | a 
@| 55 | 3:07 | 3-42)|| 3-16 | 3.22 | 3.27 | 3-33 | 3.39 | 3-451] 3-5x | 3-57 | 3-64 | 3-72 | 35 | & 
es 56 | 3-10 | 3.15 | 3-20 | 3-26 | 3.3t | 3-37 | 3-43 | 3-49 | 3-55 | 3.62 | 3.68 | 3.76 | 34 fea 
| 57 | 3-14 | 3-19 | 3-24 | 3-29 | 3-35 | 3-41 | 3-47 | 3-53 | 3-59 | 3-66 | 3-73 | 3-80 | 33 | & 
| 58 | 3-17 | 3-22 | 3-28 | 3-33 | 3-39 | 3-45 | 3-51 | 3-57 | 3-63 | 3-70] 3-77 | 3-84 | 32 | 4 
~| 59 | 3-21 | 3-26 | 3-32 | 3-37 | 3-42 | 3-48 | 3-54 | 3-61 | 3-67 | 3.74 | 3-81 | 3.88 | 31 | 
XJ] 60 | 3 24 | 3-29 | 3-35 | 3-40 | 3-46 | 3.52 | 3.58 | 3.64 | 3-71 | 3-78 | 3.85 | 3.92 | 30 2 
* tal 
g 61 | 3-27 | 3-33 | 3-38 | 3-44 | 3-49 | 3-55 | 3-62 | 3.68 | 3.75 | 3-82 | 3-89 | 3.96 | 29 |B 
| 62 | 3-30 | 3-36 | 3-41 | 3-47 | 3-53 | 3-59 | 3-65 | 3.72 | 3-78 | 3-85 | 3-92 | 4.00 | 28 | B 
‘=| 63 | 3-33 | 3-39 | 3-44 | 3-50 | 3-50 | 3.62 | 3.68 | 3.75 | 3.82 | 3.89 | 3-96 | 4.04 | 27 | @ 
S| 64 | 3-36 | 3.42 | 3-47 | 3-53 | 3-59 | 3-65 | 3-72 | 3-78 | 3.85 | 3-92 | 4.00 | 4.07 | 26 | 
g| 65 | 3-39 | 3-45 | 3-50 | 3-56 | 3.62 | 3.68 | 3.75 | 3-82 | 3.88 | 3-95 | 4.03 | 4-12 | 25 | > 
oe * 
N 
®) 66 | 3.42 | 3-47 | 3-53 | 3-59 | 3-65 | 3-72 | 3-78 | 3-84 | 3.91 | 3-99 | 4-06 | 4.14 | 24 | 5 
5| 67 | 3-44 | 3-50 | 3-56 | 3.62 | 3.68 | 3.74 | 3.8r | 3.87 | 3.94 | 4-02 | 4.09 | 4-17 | 23 | & 
=| 68 | 3.47 | 3-53 | 3-58 | 3-64 | 3.70 | 3-77 | 3-83 | 3-90 | 3.97 | 4-05 | 4.12 | 4.20 | 22 B 
=| 69 | 3-49 | 3-55 | 3-62 | 3.67 | 3.73 | 3-79 | 3-86 | 3.93 | 4.00 | 4.07 | 4.15 | 4.23 | 2t |e 
A 70 | 3-52 | 3.57 | 3-63 | 3.69 | 3.75 | 3.82 | 3-89 | 3.95 | 4-03 | 4-10 | 4-18 | 4.25 | 20/9 
=] 
oo} 71 | 3-54 3. OOu|ese05")|| 3271) | 3791 | 3-540 || SuOEe |S -9S "| 4.05) | 4023" | 4620" | 4e25o1l 19 s 
@| 72 | 3-56 | 3.62 | 3.67 | 3-74 | 3.80 | 3.86 | 3.93 | 4.00 | 4.07 }| 4-15 | 4.23 | 4.31 | 18 5 
©} 73 | 3-58 | 3-64 | 3-69 | 3.76 | 3.82 | 3-89 | 3.95 | 4-02 | 4.10 | 4.17 | 4.25 | 4.33 | 17 | 9 
3| 74 | 3-60 | 3-65 | 3-71 | 3-78 | 3-84 | 3-91 ) 3-97 | 4-04 | 4-12 | 4.19 | 4.27 4-36 | 16 | by 
221 75 | 3-6t | 3-67 | 3-73 | 3-79 | 3-86 | 3-92 | 3-99 | 4.06 | 4.14 | 4-21 | 4.29 | 4.38 | 15 T 
o 
| 76 | 3-64 | 3-69 | 3-75 | 3-82 | 3-88 | 3.94 | 4-04 | 4.08 | 4.16 | 4.23 | 4.31 | 4.40 | 14 8 
| 77 | 3-65 | 3-70 | 3-76 | 3-83 | 3-89 | 3.96 | 4.03 | 4.10 | 4.17 | 4.25 | 4.33 | 4-4r | 13 | 
%| 78 | 3-66 | 3-72 | 3-78 | 3-84 | 3-91 | 3-97 | 4-04 | 4-11 | 4-19 | 4.27 | 4-35 | 4-43 | 12 | ow 
| 79 | 3-67 | 3-73 | 3-79 | 3-86 | 3.92 | 3.99 | 4-06 | 4.13 | 4-21 | 4.28 | 4.36 | 4.45 | 11 | 3 
| 80 | 3.68 | 3.74 | 3-81 | 3-87 | 3-93 | 4.00 | 4.07 | 4.14 | 4.22 | 4.30 | 4.38 | 4.46 | 10 or 

8x | 3-70 | 3-75 | 3-82 | 3-88 | 3.94 | 4.01 | 4.08 | 4.16 | 4.23 | 4.32 | 4.30 | 4-48 | 9 

82 | 3.71 | 3-76 | 3-83 | 3-89 | 3-96 | 4.02 | 4.09 | 4-17 | 4.24 | 4.32 } 4.40 | 4.49 8 

83 | 3-72 | 3-77 | 3-84 | 3-90 | 3-96 | 4-03 | 4-10 | 4.18 | 4.25 | 4.33 | 4-41 | 4-50] 7 

84 | 3.72 | 3-78 | 3-84 | 3-91 | 3-97 | 4-04 | 4-12 | 4-18 | 4.260 | 4.34 | 4.42 | 4-51 | 6 

85 | 3-73 | 3-79 | 3-85 | 3-9 | 3-98 | 4.05 | 4-12 | 4-19 | 4.27 | 4.35 | 4-43 | 4-51 | 5 

86 | 3.73 | 3-79 | 3-85 | 3.92 | 3-98 | 4-05 | 4-12 | 4.20 | 4.27 | 4.35 | 4-43 | 4-52 | 4 

87 | 3.74 | 3.79 | 3-86 | 3.92 | 3-99 | 4-06 | 4.13 | 4-20 | 4.28 | 4.36 | 4.44 |] 4-52 | 3 

88 | 3.74 | 3-80 | 3.86 | 3 92 | 3-99 | 4-06 | 4-13 | 4-20 | 4-28 | 4.36 | 4.44 | 4-53 | 2 

89 | 3-74 | 3.80 | 3-86 | 3.93 | 3-99 | 4-06 | 4-13 | 4.21 | 4-28 | 4.36 | 4.44 | 4-53 | 1 

90 | 3-74 | 3-80 | 3-86 | 3.93 | 3-99 | 4-06 | 4.13 | 4.21 | 4.28 | 4.36 | 4.44 ] 4-53 | 0 


The bottom line on this page is the collimation factor C (= sec 4). 


310 GEODETIC ASTRONOMY. § 299. 


FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 


This top argument is the star’s declination + 4, 


Wek || Ges |) E> | eRe || GEES | TREO | Ge Noise | ee Nh rier || erele 

4 

bie 08 +08 08 +09 09 fete) tele) fore) +10 10 10 89° 

2 -16 +16 17 a7) +18 +18 18 1g +19 20 +20 88 

3 24 25 25 -26 +26 $27 <2, 28 29 29 +30 87 

4 32 | +33 34 | -34] +35 36 | +37 37 | «38 39 40 | 86 

5 40 41 42 | 43 44 45 | +46 47 48 49 50 | 85 

6 +49 | +49 5t| -5t | 52 54 | +55 56 | .57 59 60 | 84 

7 56 +57 +59 60 61 62 64 65 -67 69 +79 83 = 
a 8 64 66 -67 68 70 o7I -73 a5 76 78 .80 82 | 
= 9 72 74 75 | .77 78 80] .82 84 | .86] .88 go | 8 |S 
®| Io 80 82 84 85 87 89 fobs 93 95 98 | 1.00 80 |a 
ae BE 
a} mt 88 +90 92 94 +96 98 | 1.00 | £.02 | t.05 | 1.07 | 1.10 79 ab 
Gea es 96 SQOM| TE OOM av O2. IT .O4 | 1.07 | taOQ ||| Leta | eta etd 7 led co. Gish = 1 Ge 
Wy] 33 £04. |) 2.06 || %.08>|-2.70.) F.rg | 1.45 | D.2S: ||| 2.22 | 2633") 2.26) P20 Peealbee 
Sj) eh pegieg: |) Greet Il Here {) beable ll oenmhe |[acney hy |) sey | eemetey || Fake e |! Sen sion || s:52 (6) 76 a 
Nt eas eprey |) tacked || Senercy || anew, || adeetey || acco ey |) saget |) araetey || See? |) sir (e) |) suet) 75 | 
& 7g 
g 16 pecpsewall rdceyey || Seqerey || eer cknn |) esneksel|esoz ean) Sear es Wes ksy garg SI Sear) sence. 74 |e 
S| 17 eM, || eae etse || Ber Key | aay |P oearip? ber yoy | Gecise | eescye || oae ren |) any || eenKotes 73 3 
ey 18 1.43 | 1.46 | 1.49 | 1.52 | 1-55 | 1.58 | 1.62 | 1.66 | 1.70 | 1.74 | 1.78 72 |S 
S| 3) ESL (LSS | bose | FOOl 1 Os Og reese a omer ea ill fear RS We 
q| 20 ree || eaclone [Paso ||) really || Esty]! Bossy |) 846h0) 83 | 1.88 | 1.92 | 1.97 Fou ie 
| at TeO5 eLOOn | Lie72u te 7O0 ete SOn let eSAuiereSo sels O2N|( 0 .O741) 2-Ox0 2.00 69 iS 
&| 22 Ie73 | L770 || 80. |) Daddy || e.88. || X92 ||| 1.96) | 2-0n0| 2.06") 2.11 | 2.46 68 |= 
mol ||P 32) 1-81 |) 1.54 || 2.83 | 1.92 |=rg6) || 2.00) || 12.05) |! 12.00) |] 2-14. 2.20) || 2.25 67 5 
el 24 1.88 | 1.92 | 1.96 || 2.00) 2.04 | 2.68 | 2.73 | 2.58 | 2023) 2220 | 2.34 66 as 
g 25 195 15099) 2-03) 2.070 2.h2u| 2.07) |\2nc2n le. 27a\ 2a 2ulmoesSilne. 43 (5) |) 

h 

be 26 2,02 | 2.07 | 2.1% | 2,15 || 2.20] 2.25 | 2.30 | 2.35 ] 2.4 | 2.46 | 2.52 64 5 
a} 27 Erste) [Borie || Pats I) Soe} || Ceeks |t Plo || ants || Worley || pave) || ennce |) no 63) |e) 
v| 28 2.17 | 2.21 | 2.20 || 2.3x || 2536) 2.41 ||| 2.46 | 2.52 | 2558 || 2.64 | 2.70 62 |* 
g 29 2.24 | 2.28 | 2.33 | 2.38 | 2.43 | 2.43! 2.54 | 2.60 | 2.66) 2.73 | 2.90 6r |% 
ge} 3° 2.31 | 2.36 | 2.40 | 2.46, | 2.51 | 2.56 | 2.62 | 2.68 | 2.74 | 2.8x | 2.88 60 T 
vo 
alt ees 2/30) | 2243 | 2adS | 02953) || 259) || 204))| 12708) 2.76) | 2583 lea. 80 112.07 59 8 
caileeg2 2.45 | 2.50 | 2.55 | 2.60 | 2.66 | 2.72 | 2.78 | 2.84 | 2.91 | 2.98 | 3.05 58 lw 
nau =e 2.52 | 2.57 | 2.62 | 2.67 | 2.73 | 2.79 | 2.85 | 2.92) || 2.69 || 3.00 | 3.14 57 a 
S| 34 | 2-58 | 2.64 | 2.69 | 2.75 | 2.80 | 2.87 | 2.93 | 3.00 | 3.07 | 3.14 | 3.202 56 38 
| 35 2.65 | 2.70 | 2.70 | 2.82 | 2.88 | 2.04 || 301 | 3-08 | 3.15) || 3.23 | 3.30 SS tc? 

36 Poy? || ous |) eocky |) atte) || Bows |i sixtere |) eincets) || sion || else) || Sioetey ll einets} 54 

37 2 ai7 Oi 2 O44] 25900) | 12105) |) 1302) ScOom| esnL5al S250 eGeSonleanaculmaca7, 53 

38 | 2.85 | 2.90 | 2.96 | 3.02 | 3.09 | 3.16 | 3.23 | 3-30 | 3.38 | 3.46 | 3.55 | 52 

39 | 2-91 | 2.97 | 3-03 | 3.09 | 3.16 | 3.23 | 3.30 | 3.37 | 3-45 | 3-53 | 3.62 | 5x 

40 | 2.97 | 3-03 | 3-09 | 3-16 | 3.22 | 3-29 | 3.37 | 3-45 | 3-53 | 3.61 | 3.70 | 50 

41 | 3-03 | 3-09 | 3.16 | 3.22 | 3.29 | 3.36 | 3-44 | 3.52 | 3.60 | 3.69 | 3.78 | 49 

42 | 3-09 | 3-15 | 3-22 | 3-29 | 3.36 | 3-43 | 3-51 | 3-59 | 3-67 | 3-76 | 3.85 | 48 

43 | 3-15 | 3-2x | 3.28 | 3-35 | 3-42 | 3-50 | 3-57 | 3-66 | 3-74 | 3-83 | 3.93 | 47 

44 | 3.21 | 3-27 | 3.34 | 3-42 | 3-48 | 3-56 | 3.64 | 3.72 | 3.81 | 3.91 | 4.00 | 46 

45 | 3-27 | 3-33 | 3-40 | 3-47 | 3-55 | 3-62 | 3-71 | 3.79 | 3-88 | 3.97 | 4.07 | 45 
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§ 299. TABLES. 
FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS. 
This top argument is the star’s declination + 6. 
773° | 772° | 78° | 784° | 783° | 784° | 70° | 794° | 793° | 792° | 80° 
S $ 
46° | 3.32 | 3-39 | 3-46 | 3-53 | 3.61 | 3-69 | 3.77 | 3-86 | 3.95 | 4.04 | 4.14 | 44° 
47 | 3-38 | 3-45 | 3.52 | 3-59 | 3.67 | 3-75 | 3-83 | 3-92 | 4.02 | 4.11 | 4.21 | 43 
48 | 3-43 | 3-50 | 3-57 | 3-65 | 3-73 | 3-81 | 3-89 | 3.98 | 4.08 | 4.18 | 4.28 | 42 
49 | 3-49 | 3-56 | 3-63 | 3.71 | 3.79 | 3.87 | 3.96 | 4.05 | 4.14 | 4.24 | 4.35 | 4x 
50 3-54 | 3-61 | 3.68 | 3.76 | 3.84 | 3.903 | 4.02 | 4.11 | 4.20 | 4.30-] 4.41 40 
5t | 3-59 | 3-66 | 3-74 | 3.82 | 3.90 | 3.98 | 4.07 | 4.17 | 4.26 | 4.37 | 4-48 | 30 
_| 52 | 3-64 | 3-72 | 3-79 | 3-87 | 3.95 | 4-04 | 4-13 | 4-22 | 4.32 | 4-43 | 4-54 | 38 
Z| 53 | 3-69 | 3-77 | 3-84 | 3-92 | 4.01 | 4.09 | 4.19 | 4.28 | 4.38 | 4.49 | 4.60 | 37 
o| 54 | 3+74 | 3-8t | 3-89 | 3-97 | 4.06 | 4.15 | 4.24 | 4.34 | 4.44 | 4-55 | 4.66 | 36 
$Y} 55 | 3.78 | 3-86 | 3-94 | 4.02 | 4.11 | 4.20 | 4.29 | 4.39 | 4.50 | 4.60 | 4.72 | 35 
wa 
S| 56 | 3.83 | 3-91 | 3-99 | 4-07 | 4.16 | 4.25 | 4.34 | 4.44 | 4.55 | 4-66] 4.77 | 34 
a) 957 3-88 | 3.95 | 4-04 | 4.12 | 4.21 | 4.30 | 4.39 | 4-50 | 4.60 | 4.72 | 4.83 a3 
Uy 58 3-92 | 4.00 | 4.08 | 4.16 | 4.25 | 4.35 | 4-44 | 4.55 | 4.65 | 4-77 | 4-88 32 
59 | 3-96 | 4.04 } 4.12 | 4.21 | 4.30 | 4-39 | 4-49 | 4.60 | 4.70 | 4.82 } 4-04 | 3x 
SN} 60 | 4.00 | 4.08 | 4.17 | 4.25 | 4.34 | 4-44 | 4-54 | 4 64 | 4.75 | 4.87 | 4-99 | 30 
° 
o| 61 4.04 | 4.12 | 4.21 | 4.29 | 4-39 | 4.48 | 4.58 | 4.69 | 4.80 | 4.92 | 5.04 29 
J} 62 | 4.08 | 4.16 | 4.25 | 4.34 | 4-43 | 4.53 | 4-63 | 4-73 | 4.85 | 4.96 | 5-08 | 28 
ai] 63 | 4.12 | 4.20 | 4.29 | 4.38 | 4.47 | 4-57 | 4-67 | 4-78 | 4.89 | 5.01 | 5.13 | 27 
S| 64 4-15 | 4.24 | 4.32 | 4.41 | 4.52 | 4.61 | 4.71 4 4.82 | 4.93 | 5.05 | 5.18 26 
B) 65 | 4.19 | 4-27 | 4-36 | 4-45 | 4-55 | 4-65 | 4.75 | 4-86 | 4.97 | 5-09 | 5.22 | 25 
N 
S| 66 | 4.22 | 4.31 | 4.40 | 4-49 | 4-58 | 4-68 | 4.79 | 4.90] 5.01 | 5.14 | 5.26 | 24 
Re) 67 4-26 | 4-34 | 4-43 | 4-52 | 4.62 | 4.72 | 4.82 | 4.94 | 5.05 | 5.18 | 5.30 23 
| 68 | 4.28 | 4.37 | 4.46 | 4.55 | 4.65 | 4.75 | 4.86 | 4.97 | 5.09 | 5.21 | 5.34 | 22 
5 69 4.32 | 4.40 | 4.49 | 4-58 | 4.68 | 4.79 | 4.89 | 5.00 | 5.12 | 5.25 | 5.38 21 
g| 7° 4.34.) 4:43 | 4.52 | 4.62 | 4.72 | 4.82 | 4.93 | 5.04 | 5.16 | 5.28 | 5.42 20 
p=) 
$0) 71 | 4.37 | 4-46 | 4.55 | 4-64 | 4.74 | 4.85 | 4.96 | 5-07 | 5.19 | 5-32 | 5.45 | 19 
S| 72 | 4.39 | 4-48 | 4.57 | 4-67 | 4.77 | 4-88 | 4.98 | 5-10 | 5.22 | 5.34 | 5.48 | 18 
| 73 | 4-42 | 4-51 | 4.60 | 4-70 | 4.80} 4.90 | 5.01 | 5.13 | 5.25 | 5-37 | 5-51 | 17 
‘| 74 | 4.44 | 4-53 | 4-62 | 4.72 | 4.82 | 4.92 | 5-04 | 5.15 | 5.27 | 5-40 | 5.53 | 16 
2] 75 | 4-40 | 4.55 | 4-65 | 4-74 | 4-84 | 4.95 | 5-06 | 5.18 | 5.30 | 5-43 | 5.56 | 15 
vo 
“a| 76 | 4.48 | 4.57 | 4.67 | 4.76 | 4.87 | 4.97 | 5-09 | 5.20 | 5.32 | 5-45 | 5-59 | 14 
et | see 4.50 | 4.59 |] 4-68 | 4.78 | 4.89 | 4.99 | 5.11 | 5-22 | 5.35 | 5-47 | 5.61 13 
o| 78 | 4-52 | 4-61 | 4.70 | 4-80 | 4.91 | 5.01 | 5.13 | 5-24 | 5-37 | 5-50 | 5.63 | 12 
2| 79 | 4-54 | 4-63 | 4.72 | 4.82 | 4-92 | 5.03 | 5-14 | 5.26 | 5.39 | 5.52 | 5.65 | x4 
Pl 80 | 4.55 | 4.64 | 4-74 | 4-84 | 4.94 | 5-05 | 5-16 | 5.28 | 5.40 | 5.54 | 5.67 | 0 
8x | 4.56 | 4-65 | 4.75 | 4-85 | 4.95 | 5.06 | 5.18 | 5-30 | 5.42 | 5.55 | 5.69 9 
82 4.57 | 4-67 | 4.76 | 4-86 | 4.97 | 5.08 | 5.19 | 5-31 | 5-43 | 5-56 | 5.70 8 
83 | 4.59 | 4.68 | 4.78 | 4-87 | 4.98 | 5.09 | 5.20 | 5.32 | 5.45 | 5-58 | 5.72 ii 
84 | 4.60 | 4.69 | 4-79 | 4-88 | 4-99 | 5.10 | 5.21 | 5-33 | 5-46 | 5-59 | 5.73 6 
85 | 4-60 | 4.69 | 4.79 | 4-89 | 5-00 | 5.11 | 5-22 | 5-34 | 5.47 | 5-60 | 5.74 5 
86 | 4.61 | 4.70 | 4.80 | 4.90 | 5.00 | 5.11 | 5-23 | 5-35 | 5.47 | 5-61 | 5.74 4 
87 4.62 | 4.71 | 4.8r | 4.90 | 5.01 | 5.12 | 5-23 | 5-35 | 5.48 | 5.61 | 5.75 3 
83 4.62 | 4.71 | 4.81 | 4.91 | 5.01 | 5.12 | 5.24 | 5.36 | 5.48 | 5.61 | 5.75 2 
89 4.62 | 4.71 | 4.81 | 4.91 | 5.01 | 5.12 | 5.24 | 5-36 | 5.49 | 5.62 | 5.76 I 
go 4.62 | 4.71 | 4.81 | 4.91 | 5-02 | 5.13 | 5-24 | 5-36 | 5.49 | 5.62 | 5.76 ° 


The bottom line on this page is the collimation factor C (= sec 4). 


312 GEODETIC ASTRONOMY. § 300. 


3800. FACTORS FOR THE REDUCTION OF TRANSIT TIME 
OBSERVATIONS AT CORNELL UNIVERSITY. 


= 42° 27/. 

CG G 

B ice + for ; x fe + for } 

6 A amp west, amp west, 

All + and — for All + |and — for 

lamp east. lamp east. 
— 40° + 1.29 0.17 1.31 + 62}° — 0.74 2.03 2.17 
— 35 + 1.19 0.26 1.22 63 — 0.97 2.06 2.20 
— 30 + 1.10 0.35 1.15 634 — 0.80 2.09 2.24 
— 25 + 1.02 0.42 1.10 64 — 0.84 2.12 2.28 
— 20 + 0.94 0.49 1.06 644 — 0.87 2.15 2.32 
—I5 + 0.87 0.56 1.04 65 — 0.91 2.19 2.37 
—10 + 0.80 0.62 I.02 654 — 0.94 2.22 2.41 
— 8 + 0.78 0.64 I.01 66 — 0.98 2.25 2.46 
—= 6 +0.75 0.67 1.01 663 — 1.02 2.29 2.51 
— 4 + 0.73 0.69 I.00 67 — 1.06 2.33 2.56 
—2 + 0.70 0.71 I.00 674 — 1.10 2.37 2.61 
° + 0.67 0-74 1.00 68 — 1.15 2.41 2.67 
+ 2 + 0.65 0.76 1.00 684 — 1.20 2.45 2.73 
4 + 0.62 0-79 1.00 69 — 1.28 2.50 2.79 
6 + 0.60 0.81 1.01 694 5.30 2.54 2.86 
8 + 0.57 0.83 1.01 70 — 1.35 2.59 2.92 
° + 0.54 0.86 1.02 70} — 1.38 2.62 2.96 
12 + 0.52 0.88 1.02 704 — 1.41 2.64 3-00 
14 + 0.49 0.91 1.03 70% — 1.44 2.67 3-03 
16 + 0.46 0.93 1.04 71 — 1.47 2.70 3-07 
18 + 0.43 0.96 1.05 714 — 1.50 2.73 3-11 
20 + 0.41 0.98 1.06 714 — 1.53 2.76 3005 
22 + 0.38 1-O1 1.08 71t — 1.56 2.79 3-19 
24 + 0.35 1-04 1.09 72 — 1.60 2.82 3.24 
26 + 0.32 1.07 EAL 724 — 1.63 2.85 3-28 
28 + 0.28 1.10 Lars 724 — 1.66 2.88 3-33 
30 + 0.25 Bers 1.15 72h — 1.70 2.91 3537, 
32 + 0,22 1-16 1.18 73 — 1.74 2.95 3.42 
34 + 0.18 1-19 1,2t 73t — 1.78 2.98 3.47 
36 + 0.14 1-23 1,24 73% — 1.82 3.02 3-52 
38 + 0.10 1-27 127, 73% — 1.86 3-05 3-57 
40 + 0.06 1-30 Tigr 74 — 1.90 3.09 3.63 
41 + 0.03 1.32 1233 744 — £.94 3.13 3-68 
42 + 0.01 1-35 1.35 744 * — 1.98 217, 3-74 
43 — 0.01 r.97, 1-37 744 — 2.03 3.25 3-80 
44 — 0.04 1439 ing 75 — 2.08 3.26 3.86 
45 — 0.06 1-41 1.41 75% 2333 3+30 3:93 
46 — 0.09 1.44 1-44 75¢ — 2.18 3-35 3-99 
47 — 0.12 1.46 T.47 75% — 2.23 3-40 4.00 
48 — 0.14 1.49 1.49 76 — 2.28 3°45 4-13 
49 — 0.17 Te 55 1.52 76} — 2.34 3.50 4.21 
50 — 0.20 1.54 1.56 764 — 2.40 3-55 4-28 
5I — 0.24 KeS7 1.59 76} — 2.46 3.60 4-306 
52 — 0.27 1.60 1.62 77 — 2.52 3.66 4-44 
53 — 0.30 1.63 1.66 774 — 2.59 3-72 4-53 
54 — 0.34 1.67 1.70 77% — 2.65 3-78 4.62 
55 — 0.38 1.70 1-74 77% — 2.72 3-85 4.71 
56 — 0.42 1.74 1.79 78 — 2.80 3-91 4.814 
57 — 0.46 1.78 1.84 784 — 2.87 3.98 4.91 
58 —o.51 1.82 1.89 784 — 2.95 4.06 5.02 
59 — 0.55 1.86 1.94 78 — 3.03 4.13 Bats 
60 — 0.60 1.91 2.00 719 — 3.12 4.21 5.24 
604 — 0.63 1.93 2.03 79t — 3.21 4.20 5.36 
61 — 0.66 1.96 2.06 794 — 3.31 4.38 5-49 
614 — 0.68 1.98 2.10 79% — 3-41 4-47 5.62 
+ 62 —o.71 2.01 2.13 + 80 — 3-51 4°57 5-76 


This table is computed for latitude 42° 27’. It may be used, however, for any station 
whose latitude does not differ from that value by more than 7’. For a station in latitude 
42° 20’, or in latitude 42° 34’, the maximum error in the table is two units in the last place. 


§ 303. TABLES. Pears 


301. CORRECTION TO TRANSIT OBSERVATIONS FOR 
DIURNAL ABERRATION. 


The correction is negative when applied to observed times, excep: for sub-polars. (See § 96.) 


Declination = 4, 
Latitude 
= ¢. 
6° 10° 20° 30° 40° 50° 60° 70° 80° 

0° 0*.02 | 0°.02 | 0.02 | 08.02 | 0*%.03 | 08.03 ; 08.04 | 0°.06 O*.12 
Io 07-02 |O.02 || © -02 |'0' 027) 0).03 ||| 10 .03 | 0 .04 | (0.06 0.12 
20 O .02 | 0 .02 | 0.02] 0.02] 0.03] 0.03 | 0.04] 0.06 Out 
30 OR O02) |OlO2) | O}O2) Ol. O27|NO1.O20|FO7.03)1) 0.045.005 0.10 
40 O .02 | 0 .02| 0.02] 0,02] 0.02] 0.03] 0.03] 0.05 0.09 
50 O00 || OOF |) 0;.01 | 0 .02'|' 0.62 |"0 .02 | 0.03 | O.04 0 .08 
60 OF OI |O7-OL Ae OF OL) O,Ols| 0) -O1 || 2O).024) O1.02) 1 (0.03 oO .06 
70 O-O% 80), OT) | O).O1 4, O;.01 |) Ov OL) |10).018O,,0T | 0.02 O .04 
80 @%00}|/5O%..G0)|/207, 007) O*.00) |O1.00: | 507.01 | 'O LOL |) OOF O .02 


802. RELATIVE WEIGHTS FOR TRANSIT OBSERVATIONS 
DEPENDING ON THE STAR’S DECLINATION. (ee § 111.) 


§ w Vw 6 w | Vw § w Vw 
fo) I.00 I.00 45 0.69 0.83 70 0.24 0.49 
10 0.99 0.99 50 0.61 0.78 75 0.14 0.37 
20 0.95 0.97 55 0.52 0.72 80 0.07 0.26 
30 0.87 0.93 60 0-42 0.65 85 0.02 0.14 
40 0.76 0.87 65 0.33 0.57 | 


In the application of the multiplier /w it generally suffices to employ 
but one significant figure. 


303. RELATIVE WEIGHTS FOR INCOMPLETE TRANSITS. 
(See § 112.) 


For eye and ear observations. For observations with a chronograph. 
5 Lines in 7 Lines in 9 Lines in 1x Lines in 13 Lines in 
No. of Reticle. Reticle. Reticle. Reticle. Reticle. 
Lines | 
Obs. w Vw Ww Vw Ww Vw w Vw w Vw 


0.40 | 0.63 | 0.36 | 0.60 | 0.42 | 0.65 | 0.42 | 0.65 | 0.41 | 0.64 
0.64 | 0.80 | 0.57 | 0.75 | 0.62 | 0.79 | 0.62 | 0.79 | 0.60 | 0.77 
OFBON ORSON Onan Ose IO: 730 O15 Os73s|O.05, 10.7 Ten Oro 
0.92 | 0.96 | 0.82 | 0.91 | 0.82 | o.gt | 0.81 | 0.90 | 0.79 | 0.89 
I.00 | 1.00 | 0.90 | 0.95 | 0.87 | 0.93 | 0.86 | 0.93 | 0.84 | 0.92 
0.95 | 0.97 | 0.92 | 0.96 | 0.90 | 0.95 | 0.88 | 0.94 
I.00 | I.00 | 0.95 | 0.97 | 0.93 | 0.96 | 0.91 | 0.95 
0.99 | 0.95 | 0.97 | 0.93 | 0.96 
1.00 | I.00 | 0.97 | 0.98 | 0.95 | 0.97 
0.99 | 0.99 | 0.97 | 0.98 
I.00 | 1.00 | 0.98 | 0.99 
0.99 | 9.99 
| I.00 | I.00 


Ln le | 
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314 GEODETIC ASTRONOMY. § 304. 


3804. CORRECTION TO LATITUDE FOR DIFFERENTIAL 


REFRACTION. 
The sign of the correction is the same as that of the micrometer difference. 
(Sees8i1500)) 
} Diff. of Zenith Distance. 
Zenith 
Distances. °° 10° 20° 25° 30° 35° 40° 45° 
0'.0 0 2OO NO. OOm NEOs. OOM AO 00) IO OOM O40 ©. -O081"02200 
0.5 O .OI © SOLE || On || %@) ont oO .OI OROL S| On OL | OnsO2 
1.0 ON O2N RON O25 | OPLO28 Ow, O2m | ON O20 pO O2N On OSmILOnOS 
TS ON OS yO O31 ||MO. O38 O O38 OF O23 in OnOS mim On-O4 520.05 
2.0 O03) | MOF.O3 017 08. O49 07.04"), 07204 1 Tos O55|) 0 206110) -.07 
275 O .04 O .04 O .05 O .05 O .05 oO .06 © 207) 0) .08 
20 © .05 O .05 oO .06 oO .06 O .O7 Coy ACoYs}) || Xe) cove yl) Coy hao) 
2h 3 OF OG MO 800m Ol. O7 ula 1Om. 07m OU. OS slr Os OOM On LOnEOmtE> 
4.0 @ Oy | © cE) Wicd || Osos | © wo |) O GO |, O amt |) @ Hy 
4.5 oO .08 oO .08 O .09 O .09 oO .10 Oy sin OLS mnO Ls 
5.0 ©) sO) || Cl corey | @ city |) Oi gi || oy Gre Or 5iG) || O) Suzi |] nity 
5.5 OOo) || Orc) |] CO at © o88 |) Owe |) O a7 || © an |) @ aud 
6.0 OpsLOn Onc On| Ole e OY aii) “Or sisi || “Or sie || © ots IG aoe 
6.5 @) sine On aE @) guy OmnhS O .14 @ 2) |) cio) |) @ 2k 
EO © oi) || CY 38 || Gh cust ]) CY gawk || O quis OR TSO 2On On24 
Wf oS Ons Onees @ oil | @ 2S oO .16 (Oy catoy || Loy Grae || oy Gas 
8.0 © Gt Opal 4a One L5 On-LOn mOmeLe OF 20s O82 3m | hOmne7 
8.5 @) Wh | Crows | @-old |) wy git || Oi chit) || Gre || © 2 | © 20 
g .O Gy givis' ||) sido || “Orokiy? |! Onis I) Cr ee@ || Oo eee || G xo |i@ Ro 
9.5 CY Si |) OS bP | Med outs |) Coy <etoy || Wowie || O oA |) OW yp | @ Re 
10.0 O) cryp || CY oil |) oats | © eit | O gesp|l Oc | O pA) |) Gul 
10.5 OpsLSi |) cOlnLOM | COk. 208 |= On.2 25 NOME 246 NNOn27 mle LOnSSOLILOma 
TCO (ey aes) I) O sey || <e. Har © BY | OP | Ok | O 6Bie [O37 
II .5 On TOs Our 2On Oe? culm On, 24mm Om2O0n MOns3 Om MONcCQmilOnss@ 
12.0 CY SLO |) O: ae | O© arBI © cS |) Or ce Il © oBit |! GW ot |) @ 4H 
12.5 On2I Ome © Pl Ooo || Oss | O os || Oo oO. 1 42 
13.0 OAD | © ae || 0) 5S @) 7 || GO cho}.|| O 688} 1) O oS7/ | sa 
13.5 G) cB} I CO) || © oO | Cr wel || “Ga || © oS || © oRo) |) © aie 
14.0 CO oe | Ow |) One || @ wey || @ oBle |) © og | O ofG | © p17 
14.5 OP Gey |) 0) BO | Oct ||, @ aston ||| Gas | © ok || © cz || © ak) 
I5.0 O .25 ON ZOMON2S O .31 OY ay @ oSfel || @ adie || @ Go 
15.5 Or cAX | O hyp || ©. 22) |) © nV || ©oBA |) OG osfei] © 4 |S wav 
16.0 0.27 On.28 Ole 3 On| One SS um OnnS O OF-AO}| 20) ON On, 5a: 
16.5 oO .28 O .29 oO .31 OMseys |) Ch ost O .4I OAT a LOl 5S 
D7icO Oo .28 O .29 O.32 O .35 oO .38 ORAZE OP. 49m hOmns7 
07) ob) ©) s2%0y |) CN Geer |] CO) BY || © GS || Oo) TW oAvl | Oso | Oakes 
18.0 OS) || On Bin OneS4 0 Or. 371) 0! 400 On. ASia| OnnsS2 a |LOn60) 
18 .5 O .31 Ons2 O .35 OM 3S ne Ona tr O) wiley |) @ ais3} | © daw 
19 .O 0) BY) ) HO SEN | CO) ghey I eho) | Ohare} || @ Wis) O wee cy ao 
19.5 OWS Sue ONS 4ul) Ol. 37)))| 9 Ol4ON| Ome Aaa Om 4O nmr OnsOuivOnAO0 
20.0 © acy) || © a5} o .38 OR ADe Om.4 5 On5 Onl Ones 7 hOmso7 
I 


§ 306. TABLES. 315 


3805. CORRECTION TO LATITUDE FOR REDUCTION TO 
MERIDIAN. 


The sign of the correction to the latitude is positive except for stars of negative declination 
(south of the equator). (See § 151.) 


Hour-angle. 

é 108 rs5° 208 258 30° 358 408 45° 50° pe 608 é 
0°/0” .o0/0” .o0|0’”. 00)0"".. 00/0” .00/0’” . o0j0’”. 00/0’” .00|0’”. 00}0”’ .00|0”.00} go° 
5 |o .0010 .o1/0 .o1Jo .otlo .ozlo .03]0 .04/0 .05,0 .06/0 .07'0 .0g] 85 

IO |O .00'0 .OLjO .02/0 .03/0 .04/0 .060 .08j0 .og|o .12/0 .14!0 .17, 80 

15 |O .or|0 .o2|0 .03/0 .o4/0 .o6]0 .080 .11j0 .r4Jo .17/0 .21/0 .24| 75 

20 |O .or/0 .02/0 .04/0 .05/0 .08]o .11,0 .14/0 - 18/0 .22/0 27/0 .32| 70 

25 |O .OI/O .02/0 .O4/0 .07/O .OQ|0 .130 .17/0 .2T/0 .26/0 .32/0 .38] 65 

30 0 .ot/o0 .03/0 .o5]0 .o7/0 .11/o .14/0 .19]0 .24/0 .30/0 .36'0 .42| 60 

35 (0 .oI/0 .03/0 .05|0 .08jo .1210 .16/0 .2I/0 .260 .32/0 .39|0 .46] 55 

40 (0 .OI/0 .03/0 .05/0 .o8jo .12/0 .16/0 .22/0 .27/0 .34/0 .41/0 .48] 50 

45 0 .o1|0 .03/0 .06/0 .o8jo .12I/0 aig .22/0 .28/0 .3410 .41]o .49] 45 


306. CORRECTION FOR CURVATURE OF APPARENT PATH 
OF STAR, IN MICROMETER VALUE DETERMINATIONS. 
The correction as tabulated is &(15 sin 1/’)?73 — ,45(15 sin 1/’)475, 


Apply the corrections given in the table directly to the observed chronometer times, adding 
them before either elongation to the times, and subtracting them after either elongation. 


(See § 159.) 

T Corr. T Corr. T Corr. T Corr. T Corr. 
OF ome) 18™ Tob 30™ 58.1 BIOS I sabes 54™ 29°.9 
i oO. 19 1.3 || 31 Sar |) Zig} |) ae 8 55 31 .6 
8 O.1 20 Tas 2 6 .2 44 TO. 2 50 33023 
9 @ cit 21 1 Be BB 6.8 45 1p ee} 57 i it 

Io Oo .2 22 PO) 34 75 46 18 .5 58 377.0 

II 0.2 23 2.3 35 8 .2 47 19 .7 59 39 .O 

1022 Ons 24 25.6 36 8 .9 48 21.0 60 4I .O 

13 0.4 25 ato Oy g .6 49 23) Oo} 61 AGee1 

14 Ons 26 Gh ae 38 IO .4 50 23 62 Abe 

15 0 .6 27 Saat7 39 TEs 51 25.2 63 Bao 

16 o .8 28 hae? 40 Tee 52 2OmaT 64 49 -7 

17 0.9 29 4.6 41 13.1 53 28 .3 65 52.1 


b, om 
8 o/’,00 
I © .00 
2 © .00 
3 © .00 
4 O .Or 
5 oOo .O1 
6 oO .02 
7 GO. .02 
8 oO .03 
9 © .04 

Io © .05 

TI ° .06 

12 o .08 

13 oOo .09 

14 o .il 

15 fo} 12 

16 Onnt4 

17 Ona T6) 

18 o .18 

19 oO .20 

20 © .22 

21 Oo .24 

22 o .26 

23 O28 

24 O69 

25 On 34 

26 O .37 

27 © .40 

28 Oo .43 

29 o .46 

3° Oo .49 

31 © .52 

32 0.50 

33 ° .59 

34 ° .63 

35 ° .67 

36 ) ayae 

37, || Cc! = 75 

38 © -79 

39 ° .83 

40 0.87 

41 © .Or 

42 o .96 

43 En.Of 

44 DT .00 

45 E .10 

46 arene 

47 I .20 

48 T 226 

49 ere h 

5° Ca nee) 

5I I .42 

52 r .48 

53 I-53 

54 I .59 

55 I .65 

56 oe AYA 

57 t +77 

58 Te atk! 

59 | x .89 
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GEODETIC ASTRONOMY. 


2 sin? dz 
= “Aina © (See§ 172.) 

7/85 | 17//.67 | 31/’.42 | 49/’.09 | 70/'.68 
7 OGe 17 267 lst MOS 1 40 564% | 7 507 
8 .12 TS! £07.) 35 604" 49 74 747; 
8 .25 18) 427) \\'32) .20 |) 50) .07, ||| 7% 86 
tee exe) Wy b435 are) ey) +47 | 5° +40 | 72 -26 
8 «52 | 18 .67 | 32 .74 | SO .73 | 72 .66 
SmOON ETS a S77 Ss acOL || 5 re O7u m7 auOO 
8 380. | 19.077 || 33 <27 | 51 <40)| 73.46 
8 .94 | 19 .28 | 33 -54 | 5x .74 | 73 -86 
g .08 £0) 248° || 33.82 B2 .O7 | Ja .20. 
Q .22 TO) 60) || 34! 09) |) 152.342 74 .66 
9 +36 | 19 .g0 | 34 -36 | 52 -75 | 75 -06 
9 «50 | 20 «It | 34 SOs PE3UROOM ET Surs4 7, 
9 .64 | 20 .32 | 34 -9r | 53 .43 | 75 -88 
9 -79 | 20 .53 | 35 -19 | 53 +77 | 76 .29 
9 -04 | 20 .74 | 35 -46 | 54 .xr | 76 .69 
To .09 | 20 .95 | 35 -74 | 54 +46 | 77 «Io 
IO .24 2t .16 | 36 oz 54a CO 777) sabi 
ro .39 | 21 .38 | 36 .30 | 55 .15 | 77 -93 
16. .545) Bt .60°|| 36.68) §§ (650. |) (78: ge 
755.609, |] 21, G82") 26° 187 1 es 284°) 7S 2.75 
EO 9.04 Miu22 03m 7a Toei 50. KOM 7O erilO 
£i.co | 22 235°) 37 244 |) 56 (S55 79 256 
res oy |) Cee ari) ee ob 56 .g0 | 80 .00 
EF 3h dey 40) ||. 33. AOE BF 25 || SO: 42 
It .47 | 22 .92 | 38 .30 | 57 .60 | 80 .84 
IZ .63' | 239 214 | 38 .59 | 57 .96 | Sr 26 
EO 79) 23) 37 \)seance ||us8 tse | Sk 08 
TE SeO5) 23 OOo | SO nh BG) nOGm || soa mT 
BOS Lan 23 02a SON 40/50 ae OSMIECZ 52 
12) .27 | 24 405 | 39.76 | 59 «40 || 82 205 
12 .43 | 24 .28 | 40 -05 | 59 «75 | 83 .38 
12 .60. |> 24 51 40 23 60 .11 83.81 
I2 70) AN 7A i! dOuOS) |) (001 sA7a | Boat 23 
I2 .93 | 24 <98' || 40 .05 | 6o .84 | 84 .66 
Oe S10!) 26" 20s) ad 26 1) GT 20 Se. 06 
ES) 27 Neel 4G PAE 66h. | (Ge sy 8S. 752 
13-44 25 .68 41 .85 61 .94 | 85 .95 
E3702; 28 1592. | 42. -46..1) 62.98 1 ©5965 30 
53-79 | 26.16) 42 245 "| 62 4568") 86) 82 
T3960) || P20 dom | 4 270) Ose 5OS) "(207 20 
LABS 20041743 O08 Oss c4zill 7 7O 
T4 -31 | 26 .88 | 43 «97 | 63 279 | 88) . 54 
T4i 64001] (27 -.E2s\)43) 10S, 64 r00|) S819 357, 
14 .67 | 27 .37 | 43 -99 | 64 «54 | 89 .or 
T4595" || 27 u0OE 44 .30 | 64 .gr 89 .45 
15 .03 ! 27 .86 | 44 .6r |! 65*.29 | 89 .89 
bade wpe 28.10 | 44 <92 | 651-67 || 90 .33 
15 +39, | 28 35 teas, 224 \|| (66 405°] 90 578 
IS 57) 20 000s d 5 0555 OOnn 430 eOren23 
15.76 | 28.85.) 45 87 | 66 68x jieor 68 
[5 605 |) 29 se 2O.| 400-20) Om nO) loon «2 
T6040] 29m GON ed Om SOM MO7m Som loz mS 7) 
16.32 | 20, 6r | 46) <82) |) 67) .06: | 93) 02 
16° 35x || 29 .86) | 47-14 | 68.35 | 93 47 
T6570" |) 30 212) || 479-46: || 68373) 893) .02 
16 .89 | 30 .38 | 47 .79 | 69 .12 | 94 .38 
17 .08 | 30 .64 | 48 .1r | 69 .5r | 94 .83 
17 <28-|| 30 -90| 48) 43 | 69 .90 || 95) .20 
17 +47 | 31 .16 | 48 .76 | 70 .29 | 95 -74 
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TABLES. 317 
_ 2 sin? }¢ 
sin x// 
om tom or Tam rg 
159/’.02 | 196/’.32 | 237/’.54 | 282/7.68 | 331//.74 
159 .6r 196.97 |\-238' 226) || 283 .47: | 332. .59, 
160 .20 | 197 .63 | 238 .98 | 284 .26 | 333 .44 
160 .80 | 198 .28 | 239 .70 | 285 .04 | 334 .29 
16x .39 | 198 .94 | 240 .42 | 285 .83 | 335 .15 
161 .98 | 199 .60 | 241 .14 | 286 .62 | 336 .00 
162 .58 | 200 .26 | 241 .87 | 287 .41 | 336 .86 
163 .17 | 200 .g2 | 242 .60 | 288 .20 | 337 .72 
163.77 | 20% .50-| 243 .33) | 280 .co | 338 «58 
164 .37 | 202 .25 | 244 .06 | 289 .79 | 339 -44 
164 .97 | 202 .92 | 244 .79 | 290 .58 | 340 .30 
165 .57 | 203 .58 | 245 .52 | 291 .38 | 341 .16 
166 .17 | 204 .25 | 246 .25 | 202 .18 | 342 .02 
166 .77 | 204 .92 | 246 .98 | 292 .98 | 342 .88 
167 .37 | 205 .59 | 247 -72 | 293 .78 | 343 -75 
167 .97 | 206 .26 | 248 .45 204 .58 | 344 .62 
168 .58 | 206 .93 | 249 .19 | 295 .38 | 345 -49 
169 .19 | 207 .60 | 249 .93 | 2906 .18 | 346 .36 
169 .80 | 208 .27 | 250 .67 | 206 .99 | 347 .23 
170 .4r | 208 .94 | 25x .41 | 297 .79 | 348 .10 
T7t .02 | 209 .62 | 252 .15 | 208 .60 | 348 .0o7 
I7t .63 | 210 .30 | 252 .89 | 299 .40 | 349 .84 
172 24 210 .98 253 .63 300 .21 2507 L 
I72 .O5u\) 220) 00 2nd) .)37 Z3OI .02 S50 55 
173° 247. 212.34 255 -12 30r .83 352 -46 
174.08 | 213 .0o2 | 255 .87 302 .64 | 353 »34 
UTA OO N2TSi i 7O 256 .62 303.46 354 .22 
175 .32 | 214 .38 | 257 .37 | 304 .27 | 355 -10 
175 94 | 215 s07 | 258 .12 | 305 .09 | 355 «98 
176 .56 | 215 .75 | 258 .87 | 305 .go | 356 .86 
£77 «18 | 216.44 | 250) .62 | 306 .72 | 357 = 74 
EFF 360.) 2t7% «Ea 260, 37) 1 “207°. 54 |) 358.62 
178 .43 2a Ot 261 .12 308 .36 SSOnaGE 
E79 08 |, 28.50 | 26r 288 1 309 <78 | “360° ..39 
179. .68 | 2t9. .19 | 262°.64 | 310.00 | 36r .28 
180.30 | 219°.88 | 263 <39 | 310 «S82 | 362 .27 
TSO! 1.0391) 2200.50. | 204 415. 1| 3rn ~65 ||) 363° 107 
T8x 56 | 221 227 | (264 Jor 312 .47 | 363 .96 
182) KO) |) 220) 97 |. 265 68! | 1313) .30: | B64" 685 
TS2y.62u|) 22217.007 200.44) |) 3T4 1.02) | 9305 75 
183.46 | 223 .36 | 267 s20 | 314 .95 366 .64 
184 09 | 224 .06 | 267.96 | 315 .78 } 367 «53 
184 .72 | 224 .76 | 268 .73 | 316 .61 | 368 .42 
185 «35 | 225 .46 | 269 .49 | 317 .44 | 369 «31 
x85 299) || 226 .16) || 270, 26 | 3x81 27 |) 370.23 
1869.63) |) 326.186" |\N270 02)|/ 310. <10) |) 372 «12 
£87.27) \| 227.57. \| 2721-791 319 94 | 372 0% 
187 .or | 228 .27 272 .56 320 °78 372 .gt 
188 .55 | 228 .98 273.34 321 .62 373.82 
189 .19 | 229 .68 | 274 .11 | 322 .45 | 374 «72 
189 .83 | 230 .39 | 274 .88 | 323 .29 { 375 .62 
190 .47 | 231 .10 | 275 .65 324 *.x3 376 .52 
IOI .t2 | 231 .82 276 .43 324.97) || 377 «43 
Tor .76 | 232 .52 | 277 .20 | 325 «8x | 378 «34 
192.41 | 233 .24 | 277 «98 | 326 .66 | 379 «26 
193.00) | 233 «95 | 27876: | 327.50 ||| 380) 227, 
193.7% | 234 .67 | 279 .55 | 328 .35 | 38x «08 
194 .36 | 235 .38 | 280 .33 | 329 .19 | 381 .99 
195 .or | 236 .10 | 281 .12 | 330 .04 | 382 .90 
195 .66 | 236 .82 | 281 .go | 330 .89 | 383 .82 
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GEODETIC ASTRONOMY. 


2 sin? 32 
meeNStiiit (ae 
18m 1g™ 20™ 21m ope am 24™ aa 
635/’.9 | 708/’.4 | 784/’.9 | 865/7.3 949/7.6| 1037/’.8 | 1129/’.9 | 1225/’.9 
637 .o |- 709 .7 | 786 .2 | 866 .6 Q5t -O| 5039 ,.3)| 343% .4 3) 3227 .5 
638 .2 | 710 .g | 787 .5 } 868 .o 952 -4; 1040 .8| 1133 .o| 1229 .2 
639.4) | 912) os: 788 .8 | 869 .4 953. -8 | 1042 .3 | 1134 -6 | 1230 -8 
640 26 || 713 4. 1 790 «1 | 870~.8 955 -3| 1043 .8| 1136 .2| 1232 «5 
645 a7) 714 56.4) FOL 4) (87211. x 956 .7 | 1045 <3) }=2137 .8| 1234 <1 
642: .9 | 75S, 9) |) FOZ || 873° <s 958 .2:] 1046 .8 | 1139 -3.|_1235 <7 
644 «1 Gig) ae 794 .0 | 874 .9 959 -6| 1048 .3] 1140 .9] 1237 .3 
645 -3 718 .4 7950-4 876 .3 96m .t| 049 8] 1£42 .5 | 1239 .0 
646 .5 91g) 26, ||| 7oO. /7 | (S77 36 962 .5| 1051 .3] 1144 .0| 1240 .6 
647 7 720.9 | 798 .o | 879) «0 963 .9 | 1052 .8| r145 .6| 1242 .3 
648 .9 V22eak 799 -3 880 .4 965 .4]| 1054 .3] 1147 .2]| 1243 .9 
650) 1ON 723s 4 CCONe7 (OST S 966 .g| 1055 .g} 1148 .8] 1245 .6 
65m .2 | 724 +6 || 802 co) 883.2 968 .3| 1057 .4] 1180 .4| 1247 .2 
652: 64 ||| 725) <0) | 1803 63, | 884) -6 969 .8] 1058 .g | 1152 .0o| 1248 .9 
653.6 || 727 «2: | 804 <6) | 9886.0 971 .2| 1060 .4| 1153 .6| 1250 .5 
654 .8 | 728 .4 | 806 .o | 887 .4 972 .7 | 1062 .o| 1155 .2| 1252 2 
656: .0 |. 729 .7 | 807 .3 | 888 .8 974 .E | 1063 .S)| 1r56: <8) | 1256-8 
657 62 730 .9 | 808 .6 | 890 .2 O75 «| 1065. sO) x158 69°) Teg5 35 
658 .4 | 732 «2-| 809 <9 | 891 <6 977 -O| 1066 .5]| 1159 .g | 1257 «1 
659) 6" | 733-5) |) Str <3 «| 893 <0 978 .5| 1068 .1| 1161 -5 | 1258 .8 
66078) 734077 |e or2 220) Soa er.) 979 -9| 1069 .6| 1163 .1| 1260 .5 
662 .0 | 736.0 | 813 .9 | 895, .8 Q8t -4)/,107% .1 | 1164 .7 | 1262 Je 
sey wre || GEG sel il Shey ned WEP 982 .g| 1072 .6| 1166 .3]| 1263 .8 
664 .4 | 738 -5 | 816 .6 | 898 .6 984 .4| 1074 .2| 1167 .9 | 1265 .5 
665 .6 | 739 .8 | 8t7 .9 | 900 .0 985 .8| 1075 .7| 1169 .5 | 1267 .t 
666.8 | 74 212) 4819) .2 |) GOT 64 987 .3 | 1077 .2]| 1171 .1| 1268 .8 
668 .o | 742 .3 | 820 .5 | go2 .8 988 .8| 1078 .7| 1172 .7| 1270 .5 
669) «2 |) 743 26 | “82r (0) | 004 az 990 .3)| 1080.3 | 1174 «3 | 1272 2 
670-4 ||) 744 On|=623 2 | 005) .0 g91 <8 |) r08t «8 | 1175-9 | 2273: 37 
671 .6 | 746 .2 | 824 .6 | 907 .o 993) «2 | 2083) 43 |) 1297 0-5 | 1275) =4 
672 .8 | 747 .4 | 825 .9 | G08 <4 904 .7 | 1084 .8 | 3179.2 | 1277. .k 
674 .1 748 .7 | 827 .3 | gog .8 996 .2| 1086 .4| 1180 .7] 1278 .8 
675 «3 | 750 <O || 828 ..6 | O18 2 997 -6| 1087 .9| 1182 .3] 1280 .4 
(Yi) at || Sis nek |) Ae) Aly | Cres 9 999 -1| 1089 .5]| 1183 .g | 1282 .1 
677.7 | 782. -6 | 83x 42) | 944 .0 | 1600: 56) topr oO) 1285"..8 | -re8a58 
678 .9 | 753 .8 | 832 .6 | 915 .5 | 1002.1 | r0o92 16) 1187 .1 | 1285. .5 
680. .1 755 -1 833 -9 | 916 .g | 1003 .5] 1094 .x | 1188 .7 | 1287 .T 
681 .3 | 756 .4 | 835 -3 | 918 .3 | 1005 .0} 1095 .7| 1190 .3] 1288 .8 
682.6 1757-7 | 8367.6 ||) Otol .7 |) 1006; 25 | s097. 52 \Pr19K 01) 129085, 
683 .8 | 759 -o | 838 .o | g2z .1 | 1008 .o]| 1098 .8] 1193 «5 | 1292 -2 
685 .o | 760 .2 839 .3 922 .5 | 1009 .4| treo .3 1 2595 sz 2293.3 
686 <2" "765 35 | 2840 77 || 1923) 0) | zor0) .9)||LIOM eo) | yx2G6" 27) | 2205 5 
687 .4 | 762 .8 | 842 .0 | 925 .3 | 1012 .4] 1103 .4| 1198 .3] 1297 .2 
O88 7 e704 or 843 .4 | 926 .8 | 1013 .g} £105 .0] 1199 .9 | 1298 .9 
689 .9 765 .4 844 .7 928.2 | Tots .4 |) T1060 65 |) a20r .5)|/) 1300 65 
691 .1 766 .7 | 846. 929 .6 | ro16 .g| 1108 .1] 1203 .x} 1302 .2 
692.4 | 768.0 | 847.5) || 93k <ol| tor) 54)| t109) ..6)|) 12040. 751) 1308) 29 
693. -6 | 769 43 | 848° .9 1932) -4 || oro) <o)| “Tran <2) T2006) .4)|| z305 6 
694 -8 | 770 .6 | 850 .2 | 933 .8 | ro2z .4] 1112 .7 | 1208 .0} 1307 .3 
696 .o | 771 .g | 85x .6 | 935 .2 | ro22 .8]| x1144 .3] 1209 .6| 1309 .o 
697723 || 773° =r | 2520-9) |) 950) Om |ntozd s.ot|| Tmns eS ll Torn os roto my, 
698 «5 174 5 854 413°) 938) =m | toes) .8)| 1117.4.) Teres.o | ara r2.a 
O90 27) 775) STs (SOS m7 O8O0 eS |) CO27 ash |era ac Om. O) [ecco ioe ond een 
FOTO) 77. Janel 857 «I 940.9) P1028) 29h xr 120/905) 1216) sa rsroea7: 
FOQe 2 778 eA O58) edo NOAZ NS) eXOSONN Oni 1 h22=. OF ede To. eae once 
7ZORe 5, 779) 37) ||| O59) oo |) O43) On|) TOSHENS |er023 8.01| et2tOma dala s1O MET 
7o4 .7 | 78r .o | 86r .t 945) 22) |) 1033) Sulu 225 ri S220 Ou) Toco Ss 
705 .9 | 782 .3 -| 862..5 | 946 .6 | 1034 .8 || 1126 .7 | 1222 .6] 1322 5 
707 .% | 783 .6 |~863° .9 | 948 .x | 1036 431] 1128 .3\| 1224 .2} 1324 <2 


TABLES. 319 


™~ 


0 DOONAN AWNHO 
= 


_ 2 sin? 3¢ 
3 eee in4 
sin 1/7 qs ee 2 sin? 3 
sin 1/7 ° 2 a 
toe eee pacman 
see ess n 
1429/’.7] 1537/’.5| 1649/”.0 m z : 2 
. : 8) O// ho hae aaa 
1431 4] 1539 -3| 1650 .9 fe, Noe calle eee hay 
1433 -2] 1541 .1] 1652 .8 eee ee | Mts Gea ‘oor 
1434 .9| 1542 .9| 1654 EE a 18, | 0 ‘oor 
14360 .7/ 1544 .8| 1656 % ; a o Se Bon aO5 17 é a 
. I 
1438 .5] 1546 .6] 1658 .5 Shall ouian| ee | ucee sh apse 
1440 .3/ 1548 .4| 1660 .4 6 pale 
1442 .1/ 1550 .2| 1662 .3 7 rs Peale slicer sn gees 
1443.9] 1552 .1| 1664 .2 8 eee i bd pee Beak 
1445 .6] 1553 .9! 1666 «1 9 xs 3 ae etl le a mae 
ol 
1447 .4/ 1555 .8| 1668 .o COR Ca LOCO S bs a 23 ° ‘007 
1449 .2| 1557 .6| 1669 .9 PISO s 50 |2 es ie 
I451 .0] 1559 «5| 16 6 
eee eheey = Neth 9 12 0]/0 .19/]22 o|2 wx pie a See) 
3] 1673 .8 Io |o : aa (eee 
1454 .5| 1563 .2| 1675 .7 poiteacesliamact lt, tae 26 | 0 .or 
1456 .3] 1565 .0| 1677 .6 BOS 23 ee Res ps Dee cl 
1458 .1| 1566 .o| 1679 .5 40 |o .24 oa auc? 28 oO .o2I 
1459 .9| 1568 .7] 1681 .4 SAINT Oe 50 2 re 
1461 .6/ 1570 .5| 1683 .3 I 4 Be eee 
TAGa My agee ea leeben 3 Bs c ee 2ZuLOnh2 16x 30 | oO .032 
1465 .2| 1574 .3| 1687 .2 ZnO. i a 2 
1466 .9| 1576 .1| 1689 .1 BOT} Omer 30 | 2 “Be 
1468 .7| 1578 .0o] 1691 .o 4° 10 .33 40 | 2 ae 
1470 .5| 1579 .8] 1692 .9 Boe | Ome 34. 5° os 
é Baros 
1472 .3| 1581 .7/ 1694 .8 14 0 }0 .36]/24 0 
1474 «1| 1583 -5| 1696 .7 To |o .38 : 10 3 18 
1475 .9| 1585 .3| 1698 .6 20|0 .39|| 20] 3 .2 
1477 -7| 1587 .2| 1700 .5 3° | 0 +41 39 13 ba 
1479 .5| 1589 .1| 1702 .5 40 10 .43 40 | 3 
1481 .3] 1590 .9] 1704 .4 59 ]° .45 50 13 ae 
1483.1] 1592 .7| 1706 He ce} 
e -47||25 0 5 
1484 .9] 1594 .6| 1708 E LN ee) Peels nH 
1486 .7] 1596 .5] 1710 .2 BD | DO 20 ; 84 
1488 .5]} 1598 .3] 1712 .1 SIO Ce Oey! 30 | 3 or 
1490 .3] 1600 .2| 1714 .0 eo @ ale 40 | 4 <5 
1492 .1]| 1602 .1] 1715 .9 ee ae Se |e 
1493 .9| 1604 .0| 1717 .9 16 O]0 .61//26 0 | 4 .26 
1495 -7| 1605 .9] 1719 .8 Io |o .64 10 | 4 ; 
1497 .5| 1607 .7| 1721 .7 20 | 0 .67 20 | 4 3 
1499 .3| 1609 .6) 1723 .6 30 ]0 .69]/ 30] 4 .60 
FEOF .1| FOIL. 581.2725 6 Ae Bae Maas 
1502 .9 1613 +3) 1727 «5 : ace alle: 83 
1504 .7| 1615 .2| 1729 . 17 9/0 .78)|2 
1506 .5| 1617 .1 Be e To | 0 .8r d o : 38 
1508 .4| 1619 .o| 1733 .4 a ° af 20/5 -20 
1510 .2|\1620 .8] 1735 . ee He Se 
1512 .o| 1622 .7 ne o - ae eae 
1513 .8| 1624 .6] 1739 .2 Salas Soni Bares 
1515 .6| 1626 .s| 1741 .2 18 0/0 .98//28 of 5 .73 
1517 .4| 1628 .3]/ 1743 «1 seat ee ees 10 | 5 87 
20/1 6 
1519 .2|'1630 .2| 1 . Piss 
1521 .0] 1632 .1 a ie is CARS elena 
1522 .9] 1634 .o] 1749 .o ee : a ol Pane 
1524 .7/ 1635 .9| 1750 .9 : eae 
1526 .5| 1637 .7| 1752 .8 19 a I .22//29 0 | 6 .59 
1528 .3]/ 1639 .6] 1754 .8 20 ; S weal har 
1530 .2| 1641 .5} 1756 .8 30 | 1 oy AE | Gas9e 
1532 .0] 1643 .3| 1758 -7 gaits 7a Peso, 2 me 
1533 -8| 1645 .2| 1760 .7 50] 1 a ed aes 
1535 -6| 1647 .1| 1762 .6 A Se as 
20 0/1 .49]//30 017 «55 


320 


308. 


Hour- 
angle be- 
fore or 
after 
upper 
Gunmen 
tion. 


oP com 
fe} 15 
30 
45 
fore) 


RrOO0 


15 
30 
45 
fete} 


15 


NN ARH 


3° 
45 
fete) 
15 
30 


WWWNND 


45 
fore) 
25 
30 
45 


PPARW 


fete) 
15 
30 
45 
fore} 


15 
30 
45 
fore) 


15 


3° 
45 
co 
15 
30 


45 
oo 
15 
3° 
45 


ono0now oo @oCoonn NN AAD DUM n ur 


IO 00 
TO) eis 


10° 36 


IO 45 
II oo 


TE tS 
roy MEY) 
IT 45 
12 00 


GEODETIC ASTRONOMY. 


(See § 175.) 


The Correction to be applied to the Latitude of the station to obtain 


the apparent altitude of Polaris. 


88° 46’ and the mean refraction. 


Computed for the declination 


Latitude | Latitude | Latitude | Latitude | Latitude | Latitude} Latitude 
30° 35° 40° 45° 50° 55> 60° 
+1° 15/.6|4+-1° 15’.3|-+-1° 15/.1 ace 14’.9/-+1° 14/.8|+ 1° 14/.6|+- 1° 14/.5 
+r 35 .4)txr 15 -2/-+3r 14 .9/-+1 14 .8/+1 14 .6/+1 14 .4/+1 14 3 
+r x.oltx 14.7/+31 14.5/+1 14.3/+1 14.2/+1 14.0/+1 13.8 
+1 14.2/+1 13 -9/-+1 13 ai 13..5|+r 13.3/-+12 13 .2/+1 13.0 
+1 13.0/-+1 12 .8/-+1 12.5/+21 12.3/+2 12.2/+1 12.041 11.9 
+r xr .6/+21 11 .3)+1 u1.1]+21 10.9/+21 10 .8/+1 10 .6\+1 10.4 
+r 09 .9/+1 09 .6/+1 09 .4/+1 09 .2/+1 09 .of-+1 08 .8/4+1 08 .6 
+1 07 es 07 .6/+-1 07 ‘sles 07 .2/-+x 07 .0/-+1 06 .8/+1 06 .6 
+1 05 .6/+1 05 .3/-+1 05 .o]+1 04 .8/-+1 04 .6/-+1 04 .4/+1 04.2 
+1 03.0/-+1 o2.7/-+1 02.4/4+1 o2.2),+1 o2.0/+2 o1 .8/+1 oF .6 
+1 o0.1/+0 59 .8/+to 59.s/+0 59 .3/+0 59.1/+0 58.9/+0 58.7 
+o 57.0 Ble 56 .zito 56.slto 56.2)/+0 56.0/+0 55 .8/to 55 .5 
to 53-7/to 53 -4\+o 53-1\+0 52.9/+0 52.6/+0 52.3\+0 52.1 
4-0 50.1/+0 49 .8/+o 49.s5|+o 49.2\4-0 49.0/+0o 48 .8/to 48.5 
+o 46 .4/+0 46 .oJto 45.7/+0 45.5]/to 45.2|t+-0 45 .0;+0 44.7 
+o 42 .4|/to 42.1/+0 4x .8\to 4r.5|\to 41.3\+0 41 .0/+o0 4o.7 
+o 38 .3/+0 38 .o/+o0 37 .6|+o 37.4\+0 37.1/+0 36 .8|+0 36.5 
+o 34.0\+0 33 .6/+0 33.3/+0 33.0/+o 32.8\to 32.5\+o 32.1 
+o 29 .6|+0 29.2/+o0 28.9/+0 28.5|\+o0 28.3/+0 28.0/+0 27 .6 
+o 25.0/to 24.6|/+o 24 .3I\+0 24 .0/+o 23.7/+0 23.4/+0 23.0 
+o 20 .4/to 20.0/to 19 .7/+o 19 .4/+0 19.1/+0 18.8)\to 18. 
+o 15.6/to 15.3I\+o 14.9/+0 14.6/+0 14.3|/+0 14.0/-+o 13 a 
+o 10.8|/+0 10.4)/+o0 10.1/+0 09.9/+0 09 .6/+0 09 .2/+o0 08 .8 
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TABLES. 
The tabular value is the correction to the forward reading. 


CORRECTION FOR ERROR OF RUN OF A MICROMETER 


The sign of the correction is the same as that of the difference Backward—Forward. 
Use this table with such a micrometer as is described in § 189, and no other. 


§ 309. 
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310. 


Correction for 
AZIMUTH OF POLARIS COMPUTED FOR 1’ Increase in 
Hour-angle DECLINATION 88° 46’. Declination 
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Correction for 

x’ Increase in 
Declination 
of Polaris. 
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311. NOTATION AND PRINCIPAL WORKING 
FORMULA. 


The following general notation is used throughout the 
book. The special notation involved in each working for- 
mula will be found below each group of formule. 


GENERALS NOLPATION: 


Il 


a and 6 =the apparent right ascension and declination, 
respectively, at the time of the observation 
under consideration. 

a, and 6,,= the mean right ascension and declination, re- 

spectively. 

Q,g,, and 6,s,, (with a year as a subscript) = the mean right 
ascension and declination, respectively, at the 
beginning of the fictitious year indicated. 

a, and 6, = the values of @,, and 6,, at the beginning of the 
fictitious year during which the observation 
under consideration was made. 

Mand /’ = proper motions, per year, in right ascension and 
declination, respectively. 

A =altitude: 

€ = zenith distance. 

¢ = astronomical latitude of the station of observa- 
tion. 

hour-angle, measured eastward or westward from 
the upper branch of the meridian as the case 
may be, but always considered positive, and 
never exceeding 180° (or 12"). 


™ 
ll 
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Z = the azimuth of a star, measured to the eastward 
or westward from north as the case may be, 
but always sconsidered positive and never 
exceeding 180°. 

a@ = value, in arc, of one division of a level. 


WORKING FORMULA, 


WITH THEIR SPECIAL NOTATION, AND WITH REFERENCES 
TO CORRESPONDING PORTIONS OF THE TEXT AND TO 
THE TABLES. 


To convert mean solar to sidereal time. 

See § 23 and the table of § 290. 
To convert sidereal to mean time. 

See § 24 and the tables of §§ 290, 291. 
To interpolate along a chord. 


.. V;— V, 
Ppa (BF) ae 
or 
V,— V. 
Vim Man 1h Py) ara na PL ey a eg 


the first form being used when the interpolation is made 
forward from the value 7, and the second when it is made 
backward from the value /,. /; is the required interpolated 
value of the function corresponding to the value V, of the 
independent variable. V, and V, are the adjacent stated 


1 2 
values of the independent variable to which correspond the 


given values /, and /, of the function. See § 30. 


1 


* The number assigned to each formula corresponds to that used in the 
body of the text. 
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To interpolate along a tangent. 


F,= A+(Sli— 7). Reeder tC) 


F, is the required interpolated value of the function corre- 
sponding to the value V; of the independent variable. V, and 
F, are, respectively, the xearest given value of the independ- 
ent variable, and the corresponding value of the function. 


dF 
(]) is the given first differential coefficient corresponding 


TOR) ete Ce) 53H. 
To interpolate along a parabola. 
If the first differential coefficients are given, 


nansir- rf) + (6) - OI GET) 0 


or 
nent irr) + (5), ~ (8) SeSvet 09 


according to whether the interpolation is made forward from 
V, or backward from V,. F; is the required interpolated value 
of the function corresponding to the value V; of the inde- 
pendent variable. V, and V, are the adjacent stated values of 
the independent variable to which correspond the given 


values /, and /, of the function, and the given values a 
adF : ; : 
and Zi. of the first differential coefficient. See § 33. 


If the first differential coefficients are not given, 


Ce ee 9! 


F=Ft [Pop t+ Poppa pe [vn @ 


2 
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or 


F=F+[ 257+, —%.4D)]t%—- 7). Ga) 


(4) is the general formula which is applicable even when 
the successive differences between V,, V,, V,, . . . are not all 
the same, and (4@) is the formula for the special case in 
which those differences are all the same. 

f, is the required interpolated value of the function cor- 
responding to the value V;, of the independent variable. 
F,, F,, and Ff, are three successive given values of the function 
corresponding, respectively, to the values V,, V,, V, of the 
independent variable, V, being the stated value of the variable 
nearest to which lies the value lV; 

In. 42) D=(V,-— V,) =(V,— V,)=..., and d, is the 
second difference, or (7, — /) — (4, — Ff). See § 34. 

Having given the mean place, Am ANA Sm, of a star for a 
date t,, at the beginning of some fictitious year, to compute its 
mean place, a, 6,, at t,, the beginning of the fictitious year 
during which the observations under consideration were made. 


ay 


R= aa eo (8) 


eam I 2 De On, F 
oe Omar Ly) fa (9) 


6, = Om a gS tn)\ 


Asn » 
ope the change 


in which ¢, and ¢, are expressed in years, 


2 
ms 


: 26m ad’, 
in a, per year, “ is the change in 6,, per year, and a 


the change in a per year. Lists of star places usually give 
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. aay, Wy : a Ox, 
the numerical values of or and Ae and sometimes TP? for 
Cons Nats Lan AS in 
each star. ws tabulated in § 292. (N.B. ae and i 


include doth the effect of precession and of proper motion.) 
See §§ 40-43. 

Having given a, and 6,, the mean place of a star at the 
beginning of the fictitious year during which the observations 
under consideration were made, to compute the apparent place, 
a and 6, at the instant of observation. 


a=a,t+ftrut yg sin (G+ a,) tan 6, 
+ i; sin (47+ a@,) sec d,..... . (intime); (10) 


6=6,+ ty’ + ¢ cos (G 4+ a,) 
+ cos (7+ a@,) sin 6, +2c0s 6,.. (in arc); (11) 


in which 7, G, H, g, 2, and z are quantities called independ- 
ent star-numbers which are functions of the time only and are 
given in the Ephemeris for every Washington mean midnight. 
Their values for the instant of observation may be derived by 
interpolations along chords between the Ephemeris values. 
t is the elapsed portion of the fictitious year expressed in 
units of one year. It is given in the Ephemeris with the star- 
numbers. See §§ 46-49. 

To compute the correction to a timepiece on mean time from 
observations of the double altitude of the Sun with a sextant 
and artificial horizon. See $§ 62-70. 

The mean reading of the sextant arc corrected for index 
error and eccentricity is 2A,. <A, is the approximate altitude 
of the Sun. For the method of correcting for index error see 
§ 62, and for eccentricity see § 76. The altitude 


A = A, + Sun’s semi-diameter + » — R. 


( 
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The Sun’s semi-diameter, as taken from the Ephemeris, is 
to be added if the Sun’s lower limb was observed, and sub- 
tracted if the upper limb was observed. 

The parallax, ~, is given in the table of § 293. 

mene wnetractionms: Avelyn Ce)(Ep)(Cy).1 typ On Cp ane 
C, are given in the tables of §§ 294-297. The refraction is 
required for the altitude 4,, not A. 


E=lo0° 4. 


sin [€ + (¢@— 9)] sin $[€ — (¢@ — é)] 


Neh ea 
Sites — 
4 cos @ cos 6 


(16) 


See general notation. 6 may be obtained from the 
Ephemeris by interpolation along a tangent. 

12" + 7 = apparent solar time: = Jj. 

7, + & = mean solar time = 7}. 

E is the equation of time which is given in the Ephemeris 
for Washington apparent noon, and may be obtained for the 
instant of observation by interpolation along a chord. 

7. = mean reading of timepiece. 

Dy a= A boa required. correction to: timepiece: 

[f the observations are taken at sea using the natural hort- 
zon, the mean reading of the sextant arc corrected for index 
error and eccentricity is A, (not 24,). 


A = A, + Sun’s semi-diameter + p — R — Dip. 


The first four terms in the second member are the same 
as before. The dip, or downward inclination of the line of 
sight to the apparent horizon due to the height of the sextant 
above the surface of the sea, is given in the table in § 298. 
The remainder of the computation is as given above. 
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TO COMPUTE THE CORRECTION TO A SIDEREAL TIMEPIECE 
FROM OBSERVATIONS WITH AN ASTRONOMICAL TRANSIT 
PLACED IN THE MERIDIAN. §§ 90-99. 

If the times of transit of a star across some (but not all) 
of the lines of-the reticle were observed, the time, ¢,, of 
transit across the mean line of the reticle may be computed 
by the formula 


(sum of equatorial intervals 
of observed lines) (sec 6) 


tm = mean of observed times — : 5 (@ 
te number of observed lines ’ (25) 
or 
(sum of equatorial intervals 
4 of missed lines) (sec 6 
tm = mean of observed times + )( ) (26) 


number of observed lines ~ 


For the process of finding the equatorial intervals see 
Sette 


Ti =t, + Bo+ k; 


in which 7.’ is the observed time of transit across the mean 
line corrected for inclination of the horizontal axis and for 
diurnal aberration. 

B= cos €sec 6 is tabulated in § 299. 
ee bi 7); pf; being the pivot inequality derived as 
indicated in §§ 94, I15. 


p=w+w)—e+eZ . . . (20) 


if the level divisions are numbered from the middle toward 
each end, w and w’ being the west end readings of the bubble 
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before and after reversal of the striding-level, and ¢ and é’ the 
corresponding east end readings. 


paiwtay—W+eHZ . . . Go) 


if the level divisions are numbered continuously from one end 
to the other, the primed letters indicating the readings taken 
with the zero of the level to the westward. 

& is tabulated in § 315. 


T, = T/+ Aa-+t Co, 


in which 7, is the reading of the timepiece when a star crosses 
the meridian, and Aa and Ce are the corrections for azimuth 
error and collimation error, respectively. 

A = sin € sec 6 and C= sec 6 are tabulated in § 299. 


To compute the azimuth and collimation errors (a and c) 
from the observations, WITHOUT THE USE OF LEAST SQUARES 
(§ 101-106), use the formule 


tl |) Na 
oe a Ben Te, a Aci) 


ee (a — T/ — CC)timé stars = (a— T/ — Co) azimuth star 


Anime stars A onmuth star 


» (41) 


to derive a and ¢, by successive approximations, as indicated 
in §$ 101-106. 

The clock correction as determined by each observation is 
TAS Recetas Pe A 


To compute the azimuth and collimation errors (a and c), 
and AT., from the observations, BY LEAST SQUARES. (8§ 
107-110.) 
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The observation equations are of the form 
AT,.+ Away +t Cc — (a — TED 40) . ; (45) 
and 


AT,+ A,az,+ Ce—(a— T/) =0, . . (46) 


for the observations made with illumination west and east, 


respectively. 
The normal equations are 


247. 2A yay Se iis + Cc — (a — T') AO 
PEM pA ey RAL oblige, + 2A yCC — ZA,(a —-T?) =0,; ) 
34 ,ATe Leia, 4 3A, “Sala 7) Sop 


SCAT, +2CAyayt+2CApap tBCc -—ZCa—TZ) =o. 


The solution of these four equations gives the values of 


Ade ea yin, ANG Cé 
The probable error of a single observation is 


DAG 
c= 0.6744 / ere, 


in which the v’s are the residuals of the observation equations, 
nm, is the number of observations, and x, is the number of 
unknowns (and of normal equations). 

The probable error of the computed 47. is e, = e VQ, in 
which Q is a quantity obtained as follows: In equation (47) 
write Q in the place of 47,, — 1 in the place of S(a — T,), 
and o in the place of the other absolute terms, and then solve 
for Q. 

For two modifications of this method of computing, which 
may be used if considered advisable, see §§ 109, I10. 

For the form of computation if unequal weights (depend- 
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ing upon the declination of the star and the number of lines 
of the reticle observed upon) are assigned to the separate 
observations, see §§ 111-113. 


TO COMPUTE THE LATITUDE FROM OBSERVATIONS MADE 
WITH A ZENITH TELESCOPE. (§§ 146-157.) 
The latitude from a single pair of stars is 


P= HO+ 0+ (MR MYL + nw) — (+59) 


um 


+HR-R)+2——.. 657) 


2 


In (57) the primed letters correspond to the northern star 
of the pair; 7 is the micrometer reading expressed in turns; 7 
is the angular value of one turn; z and s are the north-end and 
south-end readings, respectively, of the level, for the northern 
star, and z’ and s’ for the southern star; F& is the refraction, 
and m the reduction to the meridian of a star observed off the 
meridian. 

The level correction as given above is for a level tube 
which carries a graduation of which the numbering increases 
each way from the middle. If the level-tube graduation is 
numbered continuously from one end to the other the level 


a 
correction becomes ‘a {(m’ + s’)— (w+ s)}. (See § 148.) 
The term 4(R — X’) is tabulated in § 304. (See § 150.) 


The term . is tabulated in § 305. - (See § 151.) 
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To combine the separate values of @ and to compute the 
probable errors. (§§ 154-157.) 
The probable error of a single observation is 


pay / CANES ee 


in which the 4’s are the differences obtained by subtracting 
the mean result for each pair from the result on each separate 
night from that pair; [44] is the sum of the squares of the 
A’s; 2 is the total number of observations; and 7 is the total 
number of pairs observed. 

The probable error of the mean result from any one pair 
is 


= /ossle, et ne (or 


in which the v’s are the residuals obtained by subtracting the 
indiscriminate mean result for the station from the mean 
result from each pair; and [vv] is the sum of the squares of 
the v’s. 

The probable error of the mean of the two declinations of 
the stars of a pair is 


i APE et na (SS 


in which 


PIA et oS as 
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N,, ,, M,, . . . are the numbers of times that pair No. 1, pair 
No. 2, pair No. 3, ..., respectively, are observed. 

The proper weights w,, w,, w,,... for the mean results 
from the separate pairs are proportional to 


I I I 


ly) 2) ay ©: e160 


. é 5 é P é 
TiS Nee fig = 
n, nN, oa Ny 


The most probable value, %,, for the latitude of the 
station is 


= wW,P, + WP, 56 WP, ide a gee [wo] 
Cou ecete pons ty Toy ae 


in which ¢, is the mean result from the first pair, ¢, from the 
second pair, and so on. 
The probable error of ¢, is 


_ ((0.455)[wr"*] 
9 ee EEC ee (71) 


in which [wv] stands for the sum of the products of the 
weight for each pair into the square of the residual obtained 
by subtracting ¢, from the mean result for that pair; and [w] 
is the sum of the weights. 


Computation of the Micrometer Value from Observations 
upon a Circumpolar Star near Elongation. (§§ 158-162.) 

For an example of this computation see § 162. 

To compute the hour-angle of the star at elongation use 
the formula 


cosi7,— tan @ cot 6, . Mites Wi) 
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t; added to or subtracted from the right ascension of the 
star, for a western or eastern elongation respectively, gives 
the sidereal time of elongation. 

The correction for curvature is given in § 306. 

The level correction is given by formule (77) and (78) of 
§ 160. 

If ¢ is the time interval in seconds corresponding to one 
turn of the micrometer, then the value of one turn expressed 
in seconds of arc is (15 cos 6)¢. (See § 161.) 

To this value must still be applied the corrections for 
chronometer rate and for refraction as indicated at the end of 
§ 161. 


To Compute the Latitude from an Observed Altitude of a 
Star, or the Sun, in any postition, the time being known. 


See, alae 


To Compute the Latitude from Zenith Distances of a Star, 
or the Sun, Observed near the Meridian, the time being known. 
See. 172. 


To Compute the Latitude from Observations of the Altitude 
of Polaris at any Hour-angle, the time being known. 


See sit 7 32 


To compute azimuth from observations upon a circumpolar 
star with a airection instrument. 


Example of record, § 187. 
Example of computation, § 200. 
Level correction 


C= wtw)—e@+AE tana, . . (1) 
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for a level having its divisions numbered both ways from the 
middle. 


C= wt) —(o' fe) tan . soe G2) 


for a level numbered continuously in one direction, the 
primed letters referring to the readings taken in the position 
in which the numbering increases toward the east. C, as 
given by these formule is the correction to the circle reading 
for the star upon the supposition that the circle graduation 
increases in a clockwise direction (§ 192). 


? sin ¢ 3 
nz= ; ; aoa 
nea cos @ tan 6 — sin @ cost (98) 


DeeS 103. 


Curvature correction 


. 


, 


= — tan Z 


io 


I k sin’?$4¢, , 2sin’ $47, 


2. sin" os) 
Sine l | Sinem 


hi singt? 

iMewhichiw4Ze,, 27, : .. 4%, are the differences between éach 

hour-angle and the mean of the hour-angles, and the values of 

2 sin’ 447 : 

eat ody etc., are known from the table in § 307. 
sah 

(See §§ 194-197.) 


Correction for diurnal aberration, 


the terms 


cos cos 2 


Oo 
cos A 


319 (113) 
or, with sufficient accuracy for nearly all cases 0.32. See 
§§ 198, 199. The sign of the correction is + if applied to 
the computed azimuth of the star expressed as an angle east 
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of north, and — if the angle is measured westward from the 
north. 


To compute azimuth from observations upon a circumpolar 
star with a repeating instrument. 

Example of record, § 203. 

The computation is made as indicated above with the 
exception of certain modifications indicated in § 204. 


To compute azimuth from observations upon a circumpolar 
star with an eyepiece micrometer. 
See example of record and computation, §§ 210-214. 
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CELESTIAL SPHERE.—C = position of observer; Z = his zenith and V 
his nadir; ?, P’ = the north and south poles; HMEOW = horizon; ZM, 
ZH, ZO = vertical circles; O, &, H, W = north, east, south, and west 
points, respectively; ALZQW = equator; = OEStatusn oS a= small 
circle defining the diurnal motion of the star ; PAP’, PSP’ = hour-circles; 
OPZAH = the meridian; ZA = latitude of station; ZS = zenith distance 
of star; PS = north polar distance of star; ZS = declination of star ; 
ZPS = hour-angle of star ; MS = altitude of star ; OA7 = azimuth of star. 


FIG. la 5 


CELESTIAL SPHERE.—P, /’ = north and south poles; EVQA = equator; 
VDAB = ecliptic (the arrows indicating the apparent motion of the Sun) ; 
V = vernal equinox ; A = autumnal equinox; VZ = right ascension of 


the star S. 
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Whipple’s Microscopy of Drinking-water. .. 1.1.6... eee eee ee eee een eee 8vo, 
WalsourciGyanide Processes sera acct eisletereie: « civretebeberdetefoleye «oc cies se 12mo, 
EhilorinationyProcesssasircsite ie a eee cane ie pice ge eel og eee, e s. ooe I2mo, 
Winton’s Microscopy of Vegetable Foods. 2.0.0.2... ieee tee ee 8vo, 
Wulling’s Elementary Course in Inorganic, Pharmaceutical, and Medical 


GE HHIStL Yara imtetever cree cla elscaierereie cists els ‘oie oip nape elsiaim ae 12mo, 


NHN HU 


NBPBRHUBRWWHNWWHHNNWH NH PHP WW 


Hom 


NIH HW HH 


oo 
50 
50 


0o 
oOo 
oo 
50 
oo 


50 
oo 
50 
oo 


25 
00 


00 


75 
00: 
50 
00 
25, 
oOo 
co 
00: 
00: 
00 
50 
50 
25 
25 
00 
00 
50 
50 
00 
00 
00 
00 
50 
00 
oo 
Ole 


0o 
50: 


50 
25 
50 
50 
50 
50 


0o 


CIVIL ENGINEERING. 


BRIDGES AND ROOFS HYDRAULICS. MATERIALS OF ENGINEERING. 


RAILWAY ENGINEERING. 


Baker’s Engineers’ Surveying Instruments... ..........00000000c00> I2mo, 
Bixby’s Graphical Computing Table................ Paper 194 * 244 inches. 
** Burr’s Ancient and Modern Engineering and the Isthmian Cana.. (Postage, 
a7 cents additionally. . 72a ek... th eee One A 8vo, 
Comstock’s Field Astronomy for Engineérstts. ...2.02 0000+ recse nse 8vo, 
Davis’s Elevation‘and StadiavTabless. 24a inn Ae een el eee 8vo, 
Elfiott’s: Pasineeting for Land! Drainage sec csi. o/1<0essesces chor (oe) clone o0cie-e I2mo, 
Practical Farm Drainage niprre ees saneane AtaaLe, WOR eet eaes I2mo, 
*Fiebeger’s Treatise on Civil Engineering...............0.ceveceueeas 8vo, 
Flemer’s Phototopographic Methods and Instruments................. 8vo, 
Folwell’s Sewerage. (Designing and Maintenance.)................... 8vo, 
Freitag’s Architectural Engineering. 2d Edition, Rewritten........... 8vo, 
Prénmch aiid Ives’s Stereotona ys... i iecstenwcctahecatires ee Ce ae ee 8vo, 
Goodhue’s Municipal Improvements. ..............0:e cece eeeeeecee I2mo, 
Goodrich’s Economic Disposal of Towns’ Refuse...............22.+--- 8vo, 
Gore’s*Elemients: of (Geodesy: fii ek as, FOR. Baas, Sheets 8vo, 
Hayford’s Text-book of Geodetic Astronomy... ..........0...-00000-- 8vo, 
Hering’s Ready Reference Tables (Conversion Factors). ..... 16mo, morocco, 
Howe's Retaining Walls forsBarths a0. oe see ee een tee ae ee 12mo, 
Johnson’s (J. B.) Theory and Practice of Surveying.............. Small 8vo, 
Johnson’s (L. J.) Statics by Algebraic and Graphic Methods. ........ . .8vo, 
Laplace’s Philosophical Essay on Probabilities. (Truscott and Emory.).12mo, 
Mahan’s Treatise on Civil Engineering. (1873.) (Wood.)............ 8vo, 
ew Descriptive: Geometry. << ven5 . ne nea 8vo, 
Merriman’s Elements of Precise Surveying and Geodesy............... 8vo, 
Merriman and Brooks’s Handbook for Surveyors........... 16mo, morocco, 
Niugent’s’Plane Sarveyingt yo eee ea ee ede Le Re 8vo, 
Ozden’s:Sewer Design: 2.205 so ie 5 he eo On Sic ere 12mo, 
Patton’s Treatise on Civil Engineering. .......00.0 se ose 8vo half leather, 
Reed’s Topographical Drawing and Sketching ................0000000- 4to, 
Rideal’s Sewage and the Bacterial Purification of Sewage.............. 8vo, 
Siebert and Biggin’s Modern Stone-cutting and Masonry. .............. 8vo, 
Smith’s Manual of Topographical Drawing. (McMillan.).............. 8vo, 
Sondericker’s Graphic Statics, with Applications to Trusses, Reams, and Arches. 
8vo, 

Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced... . .8vo, 
* Trautwire’s Civil Engineer’s Pocket-book................ 16mo, morocco, 
VWait’s Engineering and Archi ectural Jurisprudence................. 8vo, 
Sheep, 

Law of Operations Preliminary io Construction in Engireerirg and Archi- 

IK ch04 bb Wer iv teh ae REE arenes Birr mci ran aah A COM tS ties tte Ciel Vinca 8vo, 

Sheep, 

Law of Conttacts:r. OF ee Ce Pree anaes ee tees 8vo, 
Warren’s Stereotomy—FProblems in Stone-cutting....................-. 8vo, 


Webb’s Problems in the Use and Adjustment of Engineering Instruments. 
16mo, morocco, 


Wilson’s:Dopographic Surveying: s<.ci.c.ceyeteracp ee ois eleteterety Sisieis a) peo 8vo, 


BRIDGES AND ROOFS. 


Boller’s Practical Treatise on the Construction of Iron Highway Bridges. .8vo, 
#.. ‘Thames River Bridges ses tactuc a gears creas picesucigt cae enone cae 4to, paper, 
Burr’s Course on the Stresses in Bridges and Roof Trusses, Arched Ribs, and 

Suspension Bridges. ’. «) iveie cis clese nice iii lars eleva teenevele eeanever ov 8vo, 
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Burr and Falk’s Influence Lines for Bridge and Roof Computations... .8vo, 
Design and Construction of Metallic Bridges..................... 8vo, 
Du Bois’s Mechanics of Engineering. Vol. II.................. Small 4to, 
Foster’s Treatise on Wooden Trestle Bridges...............0.ceeceeeee 4to, 
RowlensiOnrdiiatys ROUNG a ONS erste. ies le sleds intetsie.ejose.soes seus areola cio 8vo, 
Greene sSIROOIMLTUSSES se Pe pee crease arate hcg hel ake shel elsle ale lense eioke a kouagsp aera 8vo, 
Baye yataqes- 30 Gh CES meister ay ae i net at en ARC Le 8vo, 
ATCHeShinwWOOdselnO Ms ANd StOn efter. coi luysycte al elaine a's salons volensyeno ass. tas 8vo, 
Howe'snDreabiseOneArClesamrcn eats. set ss Fy cck cs vaste gece oye ne pase Be alee eS ae 8vo, 
Design of Simple Roof-trusses in Wood and Steel................. 8vo, 
Johnson, Bryan, and Turneaure’s Theory and Practice in the Designing of 
Modernsbramed (Stractures: \o-fcere- oo ee ayes a, Cee Small 4to, 
Merriman and Jacoby’s Text-book on Roofs and Bridges: 
Part lomo tressestin o1plesPLusseSas <1.2y2 i. each walsttodalos (oostagalehaeex 8vo, 
Anvil Mey GTAP AUC StatiCS2 svar se. cotouieia etn asec Veh eae Faden ey: 8vo, 
Pant Mls Bride esDesign ruins teva sisters of xe Gree ee skevedonnremerer ag ties 8vo, 
TEP NS bed vYsy coin ables AEE ot: pores airy nary Me Rat Ee ee ne oa 8vo, 
NOR SOMcmen PLIST es cis Pet ee ee ee ee raves cars ilecuecen a he 4to, 
Waddell’s De Pontibus, a Pocket-book for Bridge Engineers. .16mo, morocco, 
tSpecitiea onstor steel: BLidgess c.. cache) ke Olas a aie aye nes oan I2mo, 
Wright’s Designing of Draw-spans. Two parts in one volume.......... 8vo, 
HYDRAULICS. 
Bazin’s Experiments upon the Contraction of the Liquid Vein Issuing from 
Arie) TALIGE sede CLEA EWEIC. oery ral aie cs.cos: ah vitor sLotancbenel ate ike) ¥eldechu se 8vo, 
BOVEVSELECATISC LON MEL VT AUN CS cqiac veoh ceysdaie ks Nias esSichopauh laisse alibhehci chs. ohiuewy 8vo, 
Church’s Mechanics of Pngineerin gs. ives moc nso. n ones 4 ain,  aeuche x SB am Seb 8vo, 
Diagrams of Mean Velocity of Water in Open Channels.......... paper, 
Mey dvi VO COLS yy ae wed tence eee reine cae Nake set capa ouds td Ghee etees 8vo, 
Coffin’s Graphical Solution of Hydraulic Problems.......... 16mo, morocco, 
Flather’s Dynamometers, and the Measurement of Power............ I2mo, 
RolwellsavWaterssupplys PMeIneering) ooo icon cac > «cts arasiegh scbeedaiakacoucpa siete.) 8vo, 
GUZOLE SMV ELADO WC hercenter et soneire aan dei (eo okoreite 12) SiaMaIaNy Joie eevee roles ouela rain Acie ei tas 8vo, 
Ruertesis Watemand Public Meats siete ccucnteereln enc aivrciaus Sunagel auniexo qe’ < I2mo, 
AWA erahilCratlon, WOLK Gta ancastersin arco susie) enclote Wael vnie SO seg unveatoun 12mo, 
Ganguillet and Kutter’s General Formula for the Uniform Flow of Water in 
Rivers and Other Channels, (Hering and Trautwine.)........ 8vo, 
Hazenisebiltratiom of Public Water=Supplyn coo nce o nye okoue wie © cis sets cesses cers 8vo, 
Hazlehurst’s Towers and Tanks for Water-works. .................... 8vo, 
Herschel’s 115 Experiments on the Carrying Capacity of Large, Riveted, Metal 
Be EIUUEL Sane cain cetacean tesc ne nc anes area cagAcabelcin ce TTANEEN, SGC Pe fo ois Sky vse 8vo, 
Mason’s Water-supply. (Considered Principally from a Sanitary Standpoint.) 
8vo, 
Werritnatioel rea tise.Om FV OLAUliCS. ery naive aio sleuses wearers) sir #) sls) e eee 8vo, 
* Michie’s Elements of Analytical Mechanics. ..............200eeseees 8vo, 
Schuyler’s Reservoirs for Irrigation, Water-power, and Domestic Water- 
SEU POTD you See cata ee es Foe eee Se 5 ana Fane Rese ales is ore Large 8vo, 
** Thomas and Watt’s Improvement of Rivers. (Post., 44c. additional.).4to, 
Turneaure and Russell’s Public Water-supplies...........--20e eee euue 8vo, 
Wegmann’s Design and Construction of Dams...................+-4-- 4to, 
Water-supply of the City of New York from 1658 to 1805.......... 4to, 
Waltiamsrand Mazen’s Hydraulic Tables. - .21+ 05 ee cpeieye ays jes vos teres 8vo, 
WAISORTS HTH C ATION TP TETNCOL IRs gece a cysie. aiaveietc ole eels x01 0 aie 6 apa 6 6) e40 Small 8vo, 
Wolfe a Windinllsas:ad. Primes OVEls 5.6 c+ ccisscucraue legs vie © pi6 eipgeie ea eyslenel ave cs 8vo, 
MVIGOd.S TUT DINGS tre ete aan rakes erces t eicue #5 ciciPAouasid Aes 8vo, 
Elements of Analytical Mechanics. .... Mtalolere levels televslevere:eroreie stave rect 8vo, 
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MATERIALS OF ENGINEERING. 


Baker’s Treatise on Masonry Construction.......... Meola aris ap ove Looby a OReter aa 8vo, 
Roads-and*Pavements: oo. ona essays a ceentcaepea tape Roldan eects Gees 8vo, 
Blacks United States’ Public) Works: - 2. aati iene Oblong 4to, 
* Bovey’s Strength of Materials and Theory of Structures.............. 8vo, 
Burr’s Elasticity and Resistance of the Materials of Engineering....... 8vo, 
‘Byrne's: Highway Construction... <..asiee ee ee teka ter oe eee aa 8vo, 
Inspection of the Materials and Workmanship Employed in Construction. 
16mo, 

Church's’ Mechanicsof Engineering. . crt cs iets keicias aac ee enn oe 8vo, 
Du Bois’s Mechanics of Engineering. Vol. I................-.-.-. Small 4to, 
*Eckei'si Cements, Limes, and Plastetsmcmmemtscie cei alse a ee 8vo, 
Johnson’s:Materialsvof Consteuction. «<1. 1s. cmesckcle ris a ceirl es as Large 8vo, 
Howlers Ordinaryor Oundatlons were cei Crantiinn caer telnet aes 8vo, 
*Greeteis structural Mechanicsye a. 2 = emery eis = eee resent ae 8vo, 
Keeps! Castalronern coh meee ora aero eee eeee Oe arse taieet ome e ee Me aCe lS) fe 8vo, 
Tanza’svApplted: Mechanics. sar actrr cree oir atnc tetera eet tiene ei ticclci ate 8vo, 
Marten’s Handbook on Testing Materials. (Henning.) 2 vols......... 8vo, 
Maurer’s Technical Mechanics. .............. Nyaa Buea Stas Gee Tunkel wees 8vo, 
Merrill’s'Stonesifon Butldinevand Decoration... 4 er one eee 8vo, 
Merriman siMechanics of Materials... <.ccm + cts ciesd cis cae eietueie ren etarieke 8vo, 
Streng thot: Materials? oe cr. tore cnet ne sieeodis cue ceaioheiem eis eeree: I2mo, 
Metcalf’s Steel. A Manual for Steel-users..........00ccecccccccccs I2mo, 
Patton’s Practical Treatise on Foundations, tonic is occ aoe «4 o-e nie vane 8vo, 
Richardson's Modern AsphaltiPaventents: 9.4. cs cam crise oc armies 8vo, 
Richey’s Handbook for Superintendents of Construction.......... 16mo, mor., 
Rockwell's, Roads*and! Pavements int hrances. < «.eeeee eisai I2mo, 
Sabin’s Industrial and Artistic Technology of Paints and Varnish........8vo, 
Smith’stMaterialsvof Machines: crsseute cece sscerercyea akeutuaeesien eeoucena eran I2mo, 
SHow. seerincipal Species of WiOCd are iat rye cleieiecione tery aacies Ache tel oneetene eet 8vo, 
Spaldinoys*MydraulicsCement. eee ce eer sid cr sieine ceieerelerneie en Tee ne eee 12mo, 
Gext-bookzon= Roads and Pavements... 015 cies neni eisai ese eae I2mo, 
Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced...... 8vo, 
Thurston’s Materials of Engineering. 3 Parts.............--.-+-+-+-- 8vo, 
Part I. Non-metallic Materials of Engineering and Metallurgy..... 8vo, 
Parti © tron dad Steeie re. os oss c oso ere ahekel pear er micas sare ease 8vo, 
Part IJ. A Treatise on Brasses, Bronzes, and Other Alloys and their 
Constituents. -. 5. anc BE aes ace ea cn ns Pan diut [er gilee Pas Game a ae ee 8vo, 
Thurston’s Text-book of the Materials of Construction. ................ 8vo, 
Tillson’s Street Pavements and Paving Materials.................-00-- 8vo, 
Waddell’s De Pontibus. (A Pocket-book for Bridge Engineers.). .16mo, mor., 
Specifications for SteeliBridges. os hoc cicccsuune suede sone seciccsndclenn Rt ae I2mo, 
Woed’s (De V.) Treatise om the Resistance of Materials, and an Appendix on 
the); Preservation: of Timber.y-.o....5, eset doscciss suche ee 8vo, 

Wood’s (De V.) Elements of Analytical Mechanics.................... 8vo, 
Wood’s (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 
Steeles cs ccng Gieacs aes ie ae alsa auenes they elapeceyn Sousa Gy auulel Ole so nerebranels 8vo, 


RAILWAY ENGINEERING. 


Andrew’s Handbook for Street Railway Engineers... ..3x5 inches, morocco, 


Berg’s Buildings and Structures of American Railroads ................ 4to, 
Brook’s Handbook of Street Railroad Location............. 16mo, morocco, 
Butt’s Civil Engineer’s Field-book. 7.00. 2. «a+ s.0 eee passe ses 16mo, morocco, 
Crandail’s Transition: Curve... v.22... Sane eee ee slecrees 16mo, morocco, 

Railway and Other Earthwork Tables... ...........00. eee eeenee 8vo, 


Dawson’s ‘‘Engineering”’ and Electric Traction Pocket-book. .16mo, morocco, 
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Dredge’s History of the Pennsylvania Railroad: (1879).............. Paper, 


* Drinker’s Tunnelling, Explosive Compounds, and Rock Drills. 4to, half mor., 
Mishers LaplevorCabic Vardsncr crc ne sot cele te erent meters: Cardboard, 
Godwin’s Rai’road Engineers’ Field-book and Explorers’ Guide. ..16mo, mor., 
Howard’s Transition Curve Field-book.. .................. 16mo, morocco, 
Hudson’s Tables for Calculating the Cubic Contents of Excavations and Em- 
DATING TES RPP erg Re ees neo cccepave a: 4. coe alta Bio anes ive forse, eo ees 8vo, 

Molitor and Beard’s Manual for Resident Engineers... ............... 16mo, 
Nagle’s Field Manual for Railroad Engineers...... Sana ass 16mo, morocco, 
Philbrick’s Field Manual for Engineers..................-. 16mo, morocco, 
Searles st Mieldsh NGinecering te eee wishes © oss a. apes lors wee 16mo, morocco, 
RailroadiSpiralins Waktant os aon cies La eras eaiainys overeee 16mo, merocco, 
Taylor's Prismoidal Rormule:-and-Barthwork..= . «26-000 -eccse5ees 8vo, 
* Trautwine’s Method of Calculating the Cube Contents of Excavations and 
EmbankmentsibytherAtd of Diagrams; ipa 258 owe nee 8vo, 


The Field Practice of Laying Out Circular Curves for Railroads. 
12mo, morocco, 


Cross-sectioniSheetanjannta-dirteiaiad: oe Tae bik 1G. elie es Paper, 
WebbiswRailroad: Constructions si..59. rcs, tiers aca a es 16mo, morocco, 
Wellington’s Economic Theory of the Location of Railways....... Small 8vo, 

DRAWING. 

Bares mainematicsvofi Machinery. sinc d noes os cee e het tate eee eee 8vo, 
wBartlettiss Mechanical Drawings bee pets Pee eee ence ewder 8vo, 
* % § ff Abridged de Res AA shire Pes 8vo, 
Coolidge’s+-Manualiof Drawihg. 26 i...4462052 + oeloe eon be cee ee 8vo, paper 
Coolidge and Freeman’s Elements of General Drafting for Mechanical Engi- 

RESTS! FHT eae ee ee ee oe ae eae e Oblong 4to, 
Murley siKinematics‘of Machines, ...ehec esse ee tees cee ewes 8vo, 
Emch’s Introduction to Projective Geometry and its Applications........ 8vo, 
Hill’s Text-book on Shades and Shadows, and Perspective.............. 8vo, 
Jamison’s Elements of Mechanical Drawing....................00-05- 8vo, 

Advanced#ifechanicaluDrawing sae e i cee cece eee ece ees. 8vo, 
Jones’s Machine Design: 

PartuleeikinematicsofsMachinery.vecieton svat chee ecu cleteitte Ges chelele 8vo, 

Part II. Form, Strength, and Proportions of Parts............... 8vo, 
MacCord’s Elements of Descriptive Geometry.... ..........00000000- 8vo, 

Kanematicssmory Practical Mechanism: te crec vtec ce ceesesec cee 8vo, 

Meowanical Drawing.t.ne coms oti ters re eee ote a cuss ooo seers oat 4to, 

WELOCIEV MD IACTAING + rae wroteon te ne slauieeh oe eben sratiaremie ls wisunwers cc ce 8vo, 
MaclLeod’s DescriptiverGeometrys. <5 6s. ere oe ne es ows Small 8vo, 
* Mahan’s Descriptive Geometry and Stone-cutting.................... 8vo, 

Industrial Drawing. (Thompson. acts. os. ct ocecd wie cielne cs a 0 wyoretend 8vo, 
MoyerssDescriptive: Geonse thyerntar tat marie teree yes! oleie ie beter ojaie. 2c veh &vo, 
Reed’s Topographical Drawing and Sketching... ................2..... 4to, 
Reid's Courseun Mechanical DrawiN en acc ace care vis ois os aisle «2.0.4 14 nisteee rate 8vo, 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 
Robinsons, Principlesiot Mechanisms i5. say cae 0s Hh vokexatecene Acta fae ies 8vo, 
Schwamb and Merrill’s Elements of Mechanism... ................... 8vo, 
Smith’s (R. S.) Manual of Topographical Drawing. (McMillan.).......8vo, 
Smith: (As iws rand, Marx’s Machine Design xin moss oni tists 8vo, 
Warren’s Elements of Plane and Solid Free-hand Geometrical Drawing. 12mo, 

Drafting Instruments and Operations. ................ 000s euee I2mo, 

Manual of Elementary Projection Drawing..................... I2mo, 

Manual of Elementary Problems in the Linear Perspective of Ferm and 

SAC OWe Ole rctrya ine: TT PSSM aS «alee Sb Miw basin: s-eBbekern ST I2mo, 


Plane Problems in Elementary Geometry 
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Warren’s Primary Geometr Yraccen dina s-s Sense eavery is Packt yacte need 12mo, 


Elements of Descriptive Geometry, Shadows, and Perspective. ......8vo, 
General Problems of Shades and Shadows...... PR calla taate A ange teae 8vo, 
Elements of Machine Construction and Drawing. ................. 8vo, 
Problems, Theorems, and Examples in Descriptive Geometry....... 8vo, 
Weisbach’s Kinematics and Power of Transmission. (Hermann and 
KTS n5 i ee Serle nee etic cs eat tne aet aay fence cet ere 8vo, 
Whelpley’s Practical Instruction in the Art of Letter Engraving. ...... I2mo, 
Wilson's: (H, M.) ‘Topographic! Surveying... ccuuiscoel anita purine thease 8vo, 
Wilson’s \(V..2.) Free-hand Perspective. 02 csc. i.e « olselovns atu telacs 8vo, 
Wilson’s' (Viet. bree-hand-Lettexing..<.eteiidee sstssriere re herds hese ee 8vo, 
Woolf’s Elementary Course in Descriptive Geometry............. Large 8vo, 


ELECTRICITY AND PHYSICS. 


Anthony and Brackett’s Text-book of Physics. (Magie.)......... Small 8vo, 
Anthony’s Lecture-notes on the Theory of Electrical Measurements. ...12mo, 
Benjamin?siblistonyiol, Electricity..n.cs)cs te ote et poe ie ee 8vo, 

VoltaiérCelk . 5. ..3:-<.cpceceree eh at, Pe ee), A em ete eee 8vo, 
Classen’s Quantitative Chemical Analysis by Electrolysis. (Boltwood.).8vo, 
Crehore and Squier’s Polarizing Photo-chronograph................... 8vo, 


Dawson’s “Engineering’”’ and Electric Traction Pocket-book.16mo, morocco, 
Dolezalek’s Theory of the Lead Accumulator (Storage Battery). (Von 


PONG) ) 5 noses rors ock aterge tcp Shoe ace ote Hike AE ER as AEE! I2mo, 
Duhem’s Thermodynamics and Chemistry. (Burgess.).............0.- 8vo, 
Flather’s Dynamometers, and the Measurement of Power............ 12mo, 
Gilberts De: Magnete, “(Mottelay.)5 5.2. o-o- cic «+ cele ernie ee Deere 8vo, 
Hanchett’s-AlternatingCurrents-Explained...: dc 2eisesums om etenremiee 2 I2mo, 
Hering’s Ready Reference Tables (Conversion Factors)...... 16mo, morocco, 
Holman’s.Precision of MeaSurements.. ¢\.... = . awaene te eae Peoria es 8vo, 

Telescopic Mirror-scale Method, Adjustments, and Tests. ...Large 8vo, 
Kinzbrunner’s Testing of Continuous-current Machines............... 8vo, 
Landaueris Spectrum Analysis.” (Tingle}):ees.. tesa oon ee 8vo, 
Le Chatelier s High-temperature Measurements. (Boudouard—Burgess.) 12mo, 
Léb’s Electrochemistry of Organic Compounds. (Lorenz.)............. 8vo, 
* Lyons’s Treatise on Electromagnetic Phenomena. Vols. I. and II. 8vo, each, 
* Michie’s Elements of Wave Motion Relating to Sound and Light. ......8vo, 
Niaudet’s Elementary Treatise on Electric Batteries. (Fishback.). ....12m0o0, 
* Rosenberg’s Electrical Engineering. (Haldane Gee—Kinzbrunner.). ..8vo, 
Ryan, Norris, and Hoxie’s Electrical Mechinery. Vol. I............... 8vo, 
Thurston;s Stationary Steam-engines. =.-. 45.545 coe ee oak ae eee 8vo, 
*Tillman’s, Hlementary Lessons in Heat. . 2... .. sceelsicisteiee ep ineetaneee 8vo, 
Tory and Pitcher’s Manual of Laboratory Physics.............-- Small 8vo, 
Ulke’s Modern Electrolytic Copper Refining. . 2... ..5.0.cc.0ee0sesrsees 8vo, 

LAW. 
AIDavic Selements "OL Laws .venctene eo strc sees one tevareve) mtobsce Tarr PRECINCTS 8vo, 
* Treatise on the Military Law of United States... ..........0eeeeees 8vo, 
* Sheep, 
Manwalkfor Cotrts-martialion.... fence crite siete etn e ciensueiens 16mo, morocco, 
Wait’s Engineering and Architectural Jurisprudence.................: 8vo, 
c Sheep, 

Law of Operations Preliminary to Construction in Engineering and Archi- 

CEST Basie ONO CDA TOO ON OMOOG.cOON TE inehadioe 8vo 

Sheep, 

Lawrofi Contracts: 9.24.iioi (id ste ictaactansuoeetatehenee SID HONE HRS 4 8vo, 

Winthrop’s‘Abridgment of Military Lawer voc cccccc ce cccse cee sae I2mo, 


10 


O75 


NT WW 


WRrRNWN UY 


Uw wwwwH w 


NNHNWAN 


wWwNANNH NP DWWW DN 


50 
oo 
50 
50 


°0 
00 
50 
50 
00 
00 


oo 
oo 
oo 
oo 
co 
00 
oo 


50 
00 
00 
50 
00 
50 
00 
fis) 
00 
00 
00 
00 
00 
00 
50 
50 
50 
50 
50 
00 
00 


50 
00 
50 
50 
00 
50 


00 
50 
eye) 
50 


MANUFACTURES. 


Bernadou’s Smokeless Powder—Nitro-cellulose and Theory of the Cellulose 


INO Le C1 herrea cece eco. s0, ts a Se Ee al BE ae I2mo, 
Bollandstiron, Founder se sees... Scie pat Fe ered Aeon I2mo, 
“pheslron Et ounder,asupplement ooh, . 12 aghast I2mo, 
Encyclopedia of Foundiag and Dictionary of Foundry Terms Used in the 
Practice of, Moulding... ...ste lan. Ute ee Bea. Cate, eee 12mo, 
*iEckel’siCements, Limes, and. Plasterst <1: )oh ab at. fou cod eetee. 8vo, 
Fissler’s' ModernoHigh-Explosives, atari, 20. bebo. ...cdee mero. tis. 8vo, 
Effront’s Enzymes and their Applications. (Prescott.)................ 8vo, 
Ritzgerald’s, Boston Machinist: 720) Ul worth aiinee mea bs, paola I2mo, 
Ford’s Boiler Making for Boiler Makers.............. 0.00.00 e ceases 18mo, 
Hopkin’s: Oil-chemists’? Handbooks . See), Shaan. at . Beigetaseal. - 8vo, 
Keep’s:: Cast rous..c inane? <<. 20k. , STORM, SAIL Lee, 8vo, 
Leach’s The Inspection and Analysis of Food with Special Reference, to State 
Controlyde -Fp Bseee Fine. Sete LORRI, ts AME cA coe Large 8vo, 

* McKay and Larsen’s Principles and Practice of Butter-making...... 8vo, 
Matthews’s- Phe sPextilevBibres: vars neath... ts. cena aeeee .. Rant aaak 8vo, 
Metcalf’s Steel. A Manual for Steel-users...................00.0.. I2mo, 
Metcalfe’s Cost of Manufactures—And the Administration of Workshops. 8vo, 
Meyer’s Modern Locomotive Construction. ......... 00.00 cece cece eee 4to, 
Morse’s Calculations used in Cane-sugar Factories. ......... r16mo, morocco, 
He Reisigis-Guidesto:Piece-dyei ng... cad. cours 2s seit eee hy nee Oe 8vo, 
Sabin’s Industrial and Artistic Technology of Paints and Varnish........ 8vo, 
Smith?6"Press=working of Metals, 04.0.0", £.. MMi ANe en). Soe. ae 8vo, 
Spalding ’stHydraulic:Cement, «40.4 24 othe Pete mete ats ek Aedante I2mo, 
Spencer’s Handbook for Chemists of Beet-sugar Houses. .... 16mo, morocco, 
Handbook for Cane Sugar Manufacturers.............. 16mo, morocco, 
Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced... .. 8vo, 
Thurston’s Manual of Steam-boilers, their Designs, Construction and Opera- 
COM 5 oy dink RAL ERISA RR TAR ee CPD ges enue s pw ele 8vo, 

MW aleisMiLecuurEessON EE DIOGLVES.c)s cnvccranc sie ousrdieie Nab aasepsieletelatecare als muers 8vo, 
Ware’s Beet-sugar Manufacture and Refining................... Small 8vo, 
West’svAmerican: Foundry Practiced, . tec... ctterreiaais) oe etate vie eis os eiele I2mo, 
DIGUIGCE S: LEME-DOOKs facta tricia as ake Gra achuangrerkiotiate piss sue wreipcorsibanne I2mo, 
Wath sual AS Prine MOVES sia ccteayiclc vnc ies Pan cs ete 8vo, 


Wood’s Rustless Coatings: Corrosion and Electrolysis of Iron and Steel. .8vo, 


MATHEMATICS. 

Bakker sae Li pPtic EUR CELOUGepar weer tar ees aia te tnvsiavedenoys Stee, kei ouspe Lop ST syne lel Savas) opzuk 8vo, 
* Bass’s Elements of Differential Calculus. ..............00.2ee reece I2mo, 
Briggs’s Elements of Plane Analytic Geometry..................004. I2mo, 
Compton’s Manual of Logarithmic Computations.................... I2mo, 
Davis’s Introduction to the Logic of Algebra... .. 1.0... cece eee ees 8vo, 
*-DicksonsyCollesouA lpebrastesteers - Gruss noc halod tle atscweren« Large 12mo, 
* Introduction to the Theory of Algebraic Equations......... Large 12mo, 
Emch’s Introduction to Projective Geometry and its Applications........ 8vo, 
Halstedtseblements’ of, Geome tryst to clolc. cpa. cies) ce guatlaleyete Distance ses dustS oyunu sgn 8vo, 

Elementary Syntheti¢: Geometry. . occ. ooo esqeyestan elt Peers sugars 8 8vo, 

Rational Geometry. gnwinth Yo. tars gree ces: kek ree ne perhas I2mo, 


* Johnson’s (J. B.) Three-place Logarithmic Tables: Vest-pocket size. paper, 
100 copies for 
* Mounted on heavy cardboard, 8X 10 inches, 
to copies for 
Johnson’s (W. W.) Elementary Treatise on Differential Calculus. .Small 8vo, 
Elementary Treatise on the Integral Calculus.......... ....Small 8yo, 
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Johnson’s (W. W.) Curve Tracing in Cartesian Co-ordinates......... I2mo, 
Johnson’s (W. W.) Treatise on Ordinary and Partial Differential Equations. 


; Small 8vo, 
Johnson’s (W. W.) Theory of Errors and the Method of Least Squares. 12mo, 
* Johnson’si(W. W.) Theoretical Mechanics..............+0.++ mia I2mo, 


Laplace’s Philosophical Essay on Probabilities, (Truscott and Emory.).12mo, 
* Ludlow and Bass. Elements of Trigonometry and Logarithmic and Other 


Tables:'3 ssc ferrets See yoke odes eee Deeb oe 8vo, 

Trigonometry and Tables published separately.................. Each, 

* Ludlow’s Logarithmic and Trigonometric Tables... .................- 8vo, 
Mathematical Monographs. Edited by Mansfield Merriman and Robert 

S. Woodward, ....0...).2ha-yeaet) «> Serene ee eee ae .Octavo, each 


No. 1. History of Modern Mathematics, by David Eugene Smith. 
No. 2. Synthetic Projective Geometry, by George Bruce Halsted. 
No. 3. Determinants, by Laenas Gifford Weld. No. 4. Hyper- 
bolic Functions, by James McMahon. No. 5. Harmonic Func- 
tions, by William E. Byerly. No.6. Grassmann’s Space Analysis, 
by Edward W. Hyde. No. 7. Probability and Theory of Errors, 
by Robert S. Woodward. No. 8. Vector Analysis and Quaternions, 
by Alexander Macfarlane. No. 9. Differential Equations, by 
William Woolsey Johnson. No. 10. The Solutien of Equations, 
by] Mansfield Merriman. No.11. Functions of a Complex Variable, 
by Thomas S. Fiske. 


Maurér's: Technical: Mechanics..iea hands tne ee asets cud fy Geen saat ieee 8vo, 
Merriman’s’ Method. of Least Squares. 3. 06.0... 50« . soeeyre-cdom ime whe . .8vo, 
Rice and Johnson’s Elementary Treatise on the Differential Calculus..Sm. 8vo, 
Differential and Integral Calculus. 2 vols. in one........... Small 8vo, 
Wood’s Elements of Co-ordinate Geometry. ... 2.2... cc cece eee eeee 8vo, 
Trigonometry: Analytical, Plane, and Spherical................ I2mo, 


MECHANICAL ENGINEERING. 


MATERIALS OF ENGINEERING, STEAM-ENGINES AND BOILERS. 


Bacon’siForgé Practice iva, sc ccperestosenesove aaushenanousyersgey vis "sis fol Seleiolous ep aypekers I2mo, 
Baldwinis Steam: Heating for Buildings. oc ci. cveele aieusiersisieteinlione ss loucunens I2mo, 
Darr sacinematics Of MACHINERY. si. ce octo-ctevcra loca cusca pstesate Semuaia pie, neve mcueanne 8vo, 
* Bartlett's: Mechanical. Drawing sc .ciecvesciavsrosales «accuse. 3ca.alfalele, ecsvelelare,eleuelsrer 8vo, 
* ‘ as st Abridged Fidvariecunrdcretstounec eset 8vo, 
Benjamin’sowrinklesiand Recipes.a aurea eee sels o vcieinicielstelneinrcietenie I2mo, 
Carpenter’s Experimental Engineering...............-e000- avctoveketensiced 8vo, 
Heating and'Ventilating: Buildingss< s52-0252ecmecte anes en oe 8vo, 
Cary’s Smoke Suppression in Plants using Bituminous Coal. (In Prepara- 
tion.) 

Clerk’s'Gas andiOipbnginesie shave ccs cerere so caisieneteetetotenreareee Small 8vo, 
Coolidge’s Manual of Drawing... ............. Kpio cere degen 8vo, paper, 
Coolidge and Freeman’s Elements of General Drafting for Mechanical En- 
PUES S ete are ie ere Ne Re aie tet ere cher eevee Sate Sere Oblong 4to, 
Cromwell’s Treatise'on Toothed Gearing seen... ccicslacis oles I2mo, 
Treatise on’ Beltsiand /Pulleys.c...)itelelevereishe eee eartere sesehel scione montanes I2mo, 
Durley’s Kinematics;of Machines. 2/03). 21. <1 cts ro ores iets arate cere 8vo, 
Flather’s Dynamometers and the Measurement of Power............. I2mo, 
Rope Driving rs once ese cite ce acetates teeta let avn et ane tte eth a everer aS I2mo, 
Gill’s Gas and Fuel Analysis for Engimeers.. ............00eeeeeeees 12mo, 
Hall’s'CarGubricationrys sce. oe cree eet rete its a chiens aiarern mrete ee oie aets I2mo, 
Hering’s Ready Reference Tables (Conversion Factors). ..... 16mo, morocco, 
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Puttonssel herGas ch noi eens larclasrakeeai iver ot ayo ioutsth ots cee yea) oak 8vo, 


Jamison’s Mechanical Drawing............... PS a ee eo ee 8vo, 
Jones’s Machine Design: 
Parteepicinematicsrof Machinery. cicves «cc cess scisiiare oes dveaies © 8vo, 
Part II. Form, Strength, and Proportions of Parts............... 8vo, 
Kent’s Mechanical Engineers’ Pocket-book................ 16mo, morecco, 
Kerr’ssPower and Power shransimissionacee t,o ccs. so oe Gne ds ae ce oe 8vo, 
Leonard’s Machine Shop, Tools, and Methods......................5. 8yvo, 
* Lorenz’s Modern Refrigerating Machinery. (Pope, Haven, and Dean.) . .8vo, 
MacCord’s Kinematics; or, Practical Mechanism. .................... 8vo, 
Mechanical Drawing sirec ocean cele ee ates ee EE ee 4to, 
Melocitye Dia grainez i. cvere cee eke c osrrate ee Se Ska avn co IRE ON 8vo, 
MacFarland’s Standard Reduction Factors for Gases................-. 8vo, 
Mahan’s Industrial Drawing. (Thompson.)..............c00eceeeees 8vo, 
PodlesrCalorificvPower Of) Buelsir, scat steicieis «cates Fansses ete Ase ae 8vo, 
Reid?s'Coursesin, Mechanical Drawing.). 24.6.0... is oe en eee IE 8vo, 
Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 
Richard ssCompressedvAin foe tec ee sicls scs ce elo ele sts ws 0 RMNO eI I2mo, 
Robinson’s Principles. of Mechanism. .......ca2 seo 8 oF le Re 8vo, 
Schwamb and Merrill’s Elements of Mechanism... ...............--5- 8vo, 
Smith’s'(O.) Press-working of Metals... 2.02.2 00... cece ee ete eeees 8vo, 
Smith (AS W.) and! Marx’s! Machine’ Design. 6.45. 050.5 80) Se. Asma eet 8vo, 
Thurston’s Treatise on Friction and Lost Work in Machinery and Mill 
DOV OEE oes cerca eae Aah oes itcucs ON atic ow an Rohe: 4 Love TRAM LIEM SaEMpE Rae ed ee 8vo, 
Animal as a Machine and Prime Motor, and the Laws of Energetics. 12mo, 
Warren’s Elements of Machine Construction and Drawing............. 8vo, 
Weisbach’s Kinematics and the Power of Transmission. (Herrmann— 
RAST TS, Sec torte ake MATS OIL TAA. SiR ee: MW SRCN ALE, 8vo, 
Machinery of Transmission and Governors. (Herrmann—Klein.). .8vo, 
Wolf7shWaindmilitasia: Prime oversee, OMe iiiasees Brae. OS Le 8vo, 
BW OOdISHDUEDINESS civ cicicis. ve sietoeeettete eectel eto ovelelione ctevotclsiaveroneiera: tah. mike oune 8vo, 


MATERIALS OF ENGINEERING. 


* Bovey’s Strength of Materials and Theory of Structures. ............. 8vo, 
Burr’s Elasticity and Resistance of the Materials of Engineering. 6th Edition. 
Reset aime satin, gers kometwesoel bt aemn db ares trios atttaagt).. 5) 8vo, 
Churchis:Mechanics:ofsEngineering is 5.10.34 5 do swlasels ya1ge en sylele «eos sl esi 8vo, 
mi Greenessistructiural Mechanics: sci enlace ts osteo eames adel ae 8vo, 
Johnsons; Materials of Constructions. evs + ts sre ale, eceteivipl sisters cfelevers © eUe¥ats 8vo, 
IK CED SUCASE TON sisi cle SUM aris era eia ab atete Nels Dichaae s erolere Belste tale e Wisden etal wipes 8vo, 
iLanza°spAppledpiechanics, nay. (core city tet sto) ole otter (a Taha) eo ine bie ewes eke 8vo, 
Martens’s Handbook on Testing Materials. (Henning.)............... 8vo, 
MaureriseechnicaliMechanics,t5 yo: a oe oe os footie wae ihe she 8vo, 
Merriman’s Mechanics of Materialsic. Bik oes amide. (6 + ee a sieis Sees 8vo, 
Strength onWMMatentagiss. swe we. Pcteiettere cc ssiews were cisie scot ee siess i2mo, 
Metcalf’s Steel. ~A.manual for Steel-users. .. 2.2.25. cc ccepecceceees I2mo, 
Sabin’s Industrial and Artistic Technology of Paints and Varnish........ 8vo, 
SnithisiMaterials of Machines, tc1.0 dnom eels crccc's soe Oieticin occa ee aoe I2mo, 
Thurston’s Materials.of Engineering... . 5... 52 0. cesce sae cee 3 vols., 8vo, 
Parte sIronrand ‘Steelcase ce sees lees aia kietas. le eigietts 8vo, 
Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 
Constituents. fred re or ere on rns eed Atel: $6 Tae on 8vo, 
Text-book of the Materials of Construction..................205- 8vo, 
Wood’s (De V.) Treatise on the Resistance of Materials and an Appendix on 
the Preservation of Timber... . sacga-acics dank: withcmakh ate Bas 8vo, 
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Wood’s (De V.) Elements of Anulytical Mechanics. .................+- 8vo, 
Wood’s (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 
Ste6 loners sepatazonssinece do stensra ate: sasce ae tanenveee eae eee on eto eta emereneae 8vo. 


STEAM-ENGINES AND BOILERS. 


Berry’s Termperature-entropy Diagram................ cece eeeeeeees I2mo, 
Carnot’s Reflections on the Motive Power of Heat. (Thurston.)......12mo0, 
Dawson’s ‘‘ Engineering’? and Electric Traction Pocket-book....16mo, mor., 
Bord’s Boiler Making for, Boiler: Makers\. 2-4-1110 oe nthsreeee 18mo, 
Goss’slbocomotiveSparkss sues. eeen val ie ee rae ee eee 8vo, 
Hemenway’s Indicator Practice and Steam-engine Economy.......... 12mo, 
Hutton’s Mechanical Engineering of Power Plants. ...............00-- 8vo, 
Heat-and. Heat-enginies: ye /0c.. sn cca se ao mw dam SY aR Pao apace 8vo, 
Kent’siSteam boiler Economy, .... 00 6 - os « < aehhe td eed ote ienentierat ate ete es 8vo, 
Kneass’s Practice and Theory of the Injector. ................2--0000- 8vo, 
MacCordts:Slide=valvies. ss. «Ui. tris coc ne cree ere ce ale nein emia neat eases elites 8vo, 
Meyer’s Modern Locomotive Construction. ............ 0200 e eee eee eeee 4to, 
Peabody’s Manual of the Steam-engine Indicator.................... I2mo, 
Tables of the Properties of Saturated Steam and Other Vapors ..... 8vo, 
Thermodynamics of the Steam-engine and Other Heat-engines...... 8vo, 
Valve-gears for:Steam-engines: WV. Sac.1. Louk hilelth am. weblanee.s 8vo, 
Peabodyvand, Miller’s:Steam=poilers: 3) ma ooo eta os cdlecsesre mae ieee 8vo, 
Pray’s Twenty Years with the Indicator. ...........5.... 000-0005 Large 8vo, 
Pupin’s Thermodynamics of Reversible Cycles in Gases and Saturated Vapors. 
+ COsterberg.)..diienctiseenar). le. teh. ea ooh. se sereeede ee I2mo, 
Reagan’s Locomotives: Simple Compound, and Electric............. I2mo, 
Rontgen’s Principles of Thermodynamics. (Du Bois.)................ 8vo, 
Sinclair’s Locomotive Engine Running and Management............. 12mo, 
Smart’s Handbook of Engineering Laboratory Practice............... 12mo, 
Snow’ s:Steam=boiler Practi€es o.oo oes oko auc Nene we ae asieteere ne 8vo, 
Spangler’s: Valve=Gearsiarcc item Pe A RNA O Nee naec enn etm cae es 8vo, 
NotestonDhermodymamics nn ai. cec sauces tenors iets sean ener I2mo, 
Spangler, Greene, and Marshall’s Elements of Steam-engineering....... 8vo, 
Thomas: Steam=turbiqiesis.ccrsiccnc. ace acohe aera era Sener niere ac aoemar ketene te erate 8vo, 
Thurston’s-Handy Tap less «ccc. acrseegssd a cretewanenie porate vies one een tate ane ee 8vo, 
Mariual of the-Steam-engine: i 7, 2208.4 AS A ae 2 vols., 8vo, 
Part I.--History;Stracture; and Theory, 2 2S SSP es, SOP 8vo, 
Part Il. Design, Construction, and ‘Operations,......-0-+ o8 e+ eens 8vo, 
Handbook of Engine and Boiler Trials, and the Use of the Indicator and 

the Prony Brake. cis. cesceie ecetetetvteiete sine s ORT Oe Aa re ee 8vo, 
Stationary: Steam-engines...-.0 3.2 252%. tree ee ee ee ee 8vo, 
Steam-boiler Explosions in Theory and in Practice .............. I2mo, 
Manual! of Steam-boilers, their Designs, Construction, and Operation..... 8vo, 
Weisbach’s Heat, Steam, and Steam-engines. (Du Bois.)............. 8vo, 
Whitham’s Steam-engine Design. «0.0.5. chev na ee ee ee lee 8vo, 


Wood’s Thermodynamics, Heat Motors, and Refrigerating Machines. ..8vo, 


MECHANICS AND MACHINERY. 


Barr’s| Kinematics of Machinerys.: <.:<<5.«.5 t0t-Roe te Oe ee! 8vo, 
* Bovey’s Strength of Materials and Theory of Structures ............. 8vo, 
Chase’s“The Art of Pattern-niaking, aA27 T+. Pee ets Oo Sees, |: I2mo, 
Ghurch?sMMechanicsiof Engineering. 3 ise. 2+ coeds oe ie Meee 8vo, 

Notés.and' Examples, ins Mechanics) /ectr,0- nee eee ee 8vo, 
Compton’s First Lessons in Metal-working..................0.00-- 12mo, 
Compton and De Groodt’s The Speed Lathe... /................004. I2mo 
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Cromwell’s Treatise on Toothed Gearing..................cecceeeee 12mo, 


reatisesonebeltsranidwulleyssi: cnt: cil cr eo ou. bs ols sive ioe seers I2mo, 
Dana’s Text-book of Elementary Mechanics for Colleges and Schools. .12mo, 
Dingey’s) Machinery Pattern Making sysop. ae.68. wu etiehe be ecessrl non I2mo, 
Dredge’s Record of the Transportation Exhibits Building of the World’s 
Columbian Exposition of 1893.................. 4to half morocco, 
Du Bois’s Elementary Principles of Mechanics: 
WiC am CITC TIN ALEC Sivet get /aic ooo a cparica oscars, spsticesta eine Rea eee 8vo, 
VO MET aa Statics eet OM rene sar  o Ba ee eee a era ee 8vo, 
Mechanicsvofiknoineering: Vole Voc. occa o.svere,oj0.0080.¢aseca.e case Small 4to, 
C0) LC Erman me a a eal Small 4to, 
Durleyssuimematics ore Vacninesse.cs . weiss. aide caericeae Fut ce 8vo, 
PAtZeeraidis EE OStOue va CIMIIMS tyne ee ateas) toh op icaeaa eee chapel iar 16mo, 
Flather’s Dynamometers, and the Measurement of Power............ I2mo, 
VO DOB D ELV LT Ogee trey eee eee cygeh oo ctecatogs ic See ern TT oe I2mo, 
OSS SmeOCOMLOLIVE SDALKS tent comcucl narnstsussl sy siete otras hie eucincys (ameie erate roe 8vo, 
aiGreene siotructuraly Mechanics. .: cre ccsse cp siesa. cusuane ccs-e7* ocho oa ee ees 8vo, 
Hails (Catala ricatlotiie wert rc iter ack aceiiar vic lower w.cieiere ave 2 crormeat ieee 12mo, 
TORE SEAT POL a Sel Was Rua Do amet nr ust ions aN oe nuecc ener ict eee ia crciccas nie clereateie 18mo, 
James’s Kinematics of a Pointand the Rational Mechanics of a Particle. 
Smail 8vo, 
* Johnson’s. (CW. W.) Theoretical Mechanics... ........0.0.2:5+ee00: I2mo, 
Johnson’s (L.. J.) Statics by Graphic and Algebraic Methods. ........... 8vo, 
Jones’s Machine Design: 
Parte lee inematicsiof MaAcChINetysjcr. cout as aes stvereve meyers een ore 8vo, 
Part II. Form, Strength, and Proportions of Parts... ............ 8vo, 
Kerr suboweriand: Powel. LransmiissiOns isi) -,ciatauesa st? ckcadcc cide eeboleue wie vas 8vo, 
Wat 7a SEADO LECMNLECHAMUCS 5 rare cucien. sus cs aelene sa, ofoke. «eras phanc/<c4te) cue eieargeku ene © 8vo, 
Leonard’s Machine Shop, Tools, and Methods......................-. 8vo, 
* Lorenz’s Modern Refrigerating Machinery. (Pope, Haven, and Dean.).8vo, 
MacCord’s Kinematics; or, Practical Mechanism. .................... 8vo, 
Vielogitye DIAC AIS ie cee ts esa) tiehae) wieuP eaus a¥Aa! ehere weiaveccaG seat the cues se 41 8vo, 
MatitensnhechnicalyNlEChaniGssr wean cre ssicialsle.0 ce. ieraieiarsjeyevap cha be, 6 Gpsi Ge ehnsece 8vo, 
Merrimants Mechanicsiof, Matertalss sx: -<.1c, 00) o's susiete eas 2 ete aus sucess 5 = 8vo, 
HOE erent tSiOLeNLeC MAIMCSsta me. ears esa cit ances. cars arerete: tusgtee¥eutan a SgeReree ays I2mo, 
. * Michie’s Elements of Analytical Mechanics... ...........0+eeeee0-: 8vo, 
Reagan’s Locomotives: Simple, Compound, and Electric............. I2mo, 
Redo Courcemmullechanical Drawings sie wens saute usaamicaieasy Anice. 8vo, 
Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 
Richardsss.Compressed Alm... GA cee sce ve cscs seer ie Se os tp I2mo, 
RoHinsomeperinci ples Ol MECHA NISIN wesc akeaeseresns chs a csin hs oi.0' vein) eve yap ene 8vo, 
Ryan, Norris, and Hoxie’s Electrical Machinery. Vol. I............... 8vo, 
Schwamb and Merrill’s Elements of Mechanism... ..............+.-.- 8vo, 
Sinclair’s Locomotive-engine Running and Management............. I2mo, 
SmiicnscicOmperessawOLlkinoy Ola Metals wen). sls cities cusjeule sis le © slerateicun als 8vo, 
Smith’sj (Ac Wis) Materials:of Machines. 2. or. are acessyelois 0 ipieus’s:si6 © oie.teehans I2mo, 
Smith (AcawW..)| and Marx’s Machine Design. i: .. 6202 22 ot ee oie oo 8vo, 
Spangler, Greene, and Marshal,’s Elements of Steam-engineering........ 8vo, 
Thurston’s Treatise on Friction and Lost Work in Machinery and Mill 
Dea Eich eM e cer Setiratee foe oy ove i oy weir: cite cSiavate eat etn at ava yeelgn: wl wil oho yA con 8vo, 
Animal as a Machine and Prime Motor, and the Laws of Energetics. 
12mo, 
Warren’s Elements of Machine Construction and Drawing... ........... 8vo, 


Weisbach’s Kinematics and Power of Transmission. (Herrmann—Klein.).8vo, 
Machinery of Transmission and Governors. (Herrmann—Klein.).8vo, 


Wood’s Elements of Analytical Mechanics. .............0-00eeseeeeee 8vo, 
Principles of Elementary Mechanics........ RIGOR aaa tarts I2mo, 
PR UEDITIES Reser cee tele ccensye tte so aeoanotads Ane amici 8vo, 
The World’s Columbian Exposition of 1893 ........++e005 Neaoiserie sented 4to, 
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METALLURGY. 


Egleston’s Metallurgy of Silver, Gold, and Mercury: 


Vok “IP “Silver. 2. ROPE Se, ee ea cces cn ne ee 8vo, 7 
Voll Goldtand? Mercury ss secs cereici te eer aerate cate eee 8vo, 7 
** Tles’s Lead-smelting. (Postage o cents additional.)............... I2mo, 2 
‘Keep's'Cast Brons,s acdicetis. Sisco bie CERI OU CE AL eles ateienete eittene eit 8vo, 2 
Kunhardt’s Practice of Ore Dressing in Europe............... EM aie 8ve, I 
Le Chatelier’s High-temperature Measurements. (Boudouard—Burgess.)I2mo. 3 
Metcalf’s Steel. A Manual for Steel-users..............-.--++200e: I2mo, 2 
Minet’s Production of Aluminum and its Industrial Use. (Waldo.)....12mo, 2 
Robine and Lenglen’s Cyanide Industry. (Le Clerc.)................. 8vo, 4 
Smith’s: Materials of Machinesn2.t.9 5 can vee selec, othe s wieietenciec I2mo, 1 
Thurston’s Materials of Engineering. In Three Parts. ................ 8vo, 8 
Part-oll. i TroncandsSteelainec carcass micn tals er petnteeteeg: mmenere alone 8vo, 3 
Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 
Constituents sis ciic crores esos co teter stone sonore roetereee lay aeensentaletetoreieseratt 8vo, 2 
Ulke’s Modern Electrolytic Copper Refining........... Manieneters Rae 8vo, 3 
MINERALOGY. 
Barringer’s Description of Minerals of Commercial Value. Oblong, morocco, 2 
Boyd’s' Resources. of Southwest Virginia. -..'05..-2.0---4+0+--e 0625. 8vo, 3 
Map.of Southwest, Virignia... - seria eee Pocket-book form. 2 
Brush’s Manual of Determinative Mineralogy. (Penfield.)............. 8vo, 4 
Chester’s: Catalogue, or, Minerals: (.-n-rtaneitete tenes eerie rete oe 8vo, paper, 1 
Cloth, 1 
Dictionary, of the-Namesiot Minerals... .5..casads eee aoe eee 8vo, 3 
Danars-System ot, Mineralogy. 01a eee eerie ere Large 8vo, half leather, r2 
‘First Appendix to Dana’s New ‘“‘ System of Mineralogy.’”’..... Large 8vo, 1 
Text-pook.of: Minéralogyteten. haen sates See ere oer 8vo, 4 
Minerals and Howto Study Theat ooo ccccsc.ctpn ce we ates Oe oe I2mo, I 
Catalogue of American Localities of Minerals............... Large 8vo, 1 
Manual of Mineralogy and Petrography. ............eeeceeeeeee I2mo, 2 
Douglas’s Untechnical Addresses on Technical Subjects.............. I2mo, I 
Eakle’seViineral Taplesy.. vaste cpecctoicleg-Patites SeeletetomRataiciet cas tersrerraerercusteter ers 8vo, 1 
Egleston’s Catalogue of Minerals and Synonyms. ..................... 8vo, 2 
Hussak’s The Determination of Rock-forming Minerals. (Smith.).Small8vo, 2 
Merrill’s Non-metallic Minerals: Their Occurrence and Uses.......... 8v0o, 4 
* Penfield’s Notes on Determinative Mineralogy and Record of Mineral Tests. 
8vo, paper, 
Rosenbusch’s Microscopical Physiography of the Rock-making Minerals. 
(EGP AITBS arc awe ci tessa thc cacs ig sont e wscalenannas oadienteenstel snore rsyertteneteienets 8vo, 5 
* Tillman’s Text-book of Important Minerals and Rocks. .............. 8vo, 2 
MINING. 
Beard’s Ventilation_of Mines. .)...... ~~ <00cie slo qeisisiersisve) piesalaielsieieieassl 2 1Oste 2 
Boyd’s Resources of Southwest Virginia. ..........ceccecceeceeceeces 8vo0, 3 
Map of Southwest Virginia...) 0s. .+. ausiepsehhe seat Pocket-book form 2 
Douglas’s Untechnical Addresses on Technical Subjects.............. E2mo, £ 
* Drinker’s Tunneling, Explosive Compounds, and Rocx Drills. . 4to, hf. mor., 25 
Rissler’s| Modern High Explosives: cana aem ieee se yes sailors eels ei OVOm 4 
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Goodyear’s Coal-mines of the Western Coast of the United States...... 12mo, 
Thlseng’s*Manual: of Mining: 5.2: 5:52:32 2000.20 SOROS E e in, 8: 8vo, 
** Tles’s Lead-smelting. (Postage oc. additional.)..............0000- I2mo, 
Kunhardt’s Practice of Ore Dressing in Europe............0-c0 eevee 8vo, 
O’Driscoll’s Notes on the Treatment of Gold Ores. .............000000: 8vo, 
Robine and Lenglen’s Cyanide Industry. (Le Clerc.)............000-- 8vo, 
moWralke sivectunes/On EX plosivessec-nciclevs ciso1nd cloves saya coe o Sievers 6 cisicias 8vo, 
WWalsontsiGvanide ProcesseS.aacicce vice gece ovale’ sine syn.siveve be eles «eves « I2mo, 

ChicninatlonsProcesstarnsnmirintateiecaiesisiscc ts eines ein eelisise scien I2mo, 

Hydraulic-and’Placer*Mining. tos. weyers «en ae. eosin cae I2mo, 

Treatise on Practical and Theoretical Mine Ventilation........... 12mo, 


SANITARY SCIENCE. 


Bashore’s Sanitation of a Country House............... ees SR1HED INO; 
Folwell’s Sewerage. (Designing, Construction, and Maintenance.)......8vo, 
IWater-supplyshngineering sc. c sea tie cujereieiaea/iateaiae = 5 meee ',. .8vo, 
Fowler's Sewave Works Analyses... cs0¢- dace cess sciiss seve ch ewesws I2mo9, 
Kaexctesis: Waterand Public, Healthy verve vc ssecrere nies ae.» wl euerepevtis o> vie cies 12mo, 
Wiater-filtratlomeWOrksyir ax.taui a cn Ststsn caret toteceitaienaltiss da ciataiececs re Ae I2mo, 
Gerhard’s Guide to Sanitary House-inspection .............000ee00-e 16mo, 
Goodrich’s Economic Disposal of Town’s Refuse................ Demy 8vo, 
Hazen’s Filtration of Public Water-supplies................. 000000 0s 8vo, 
Leach’s The Inspection and Analysis of Food with Special Reference to State 
Gomtrolreewce etme es ste e-toc tea iis ss ck stiavendiie aos ala ue Woueleaswe Guero 6 8vo, 
Mason’s Water-supply. (Considered principally from a Sanitary Standpoint) 8vo, 
Examination of Water. (Chemical and Bacteriological.)......... I2mo, 
OvdenesiSe Wer DeSlONe ce rjan te steten ste cece oF tis coe neiraly saus) win Ween date soa wget I2mo, 
Prescott and Winslow’s Elements of Water Bacteriology, with Special Refer- 
ence to sanitary Water Analysiss... co.cc cic co eels cise eee aie I2mo, 
TEPTICe Sand pOOkKs OL OAMLATLONsisee ac ae siierec:c e/s)ersiele ove scsleve wie ers i 61 I2mo, 
Richards’s Costiof Food, A Study in Dietaries.........0:..25.000c«00- I2mo, 
Cost of Living as Modified by Sanitary Science.................. I2mo, 
WOStEOMS Hel Lette Rie er mpi Oe Bare fatinc moter ua ae ath a ons eecan seca rttas I2mo, 
Richards and Woodman’s Air, Water, and Food from a Sanitary Stand- 
DOM AMA earth cease rere cee ehtiaraledesnle a) heeaalee Gineetonses 8vo, 
* Richards and Williams’s The Dietary Computer. ............--c0se0. 8vo, 
Rideal’s Sewage and Bacterial Purification of Sewage................-. 8vo, 
Turneaure and Russell’s Public Water-supplies................-2.-05. 8vo, 
Von Behring’s Suppression of Tuberculosis. (Bolduan.)............ I2mo, 
Whipple’s Microscopy of Drinking-water. . 1.0.2.0... 0. cece eee cence 8vo, 
Winton’s Microscopy of Vegetable Foods... 1.1.1.1... eee e eee eter nees 8vo, 
Woodhull’ssNotes on. Military Hy gienescac are Se ots ve cree seetieies «0s 16mo, 
EUPEESOH Sigil VOU CL C snoteue cede ae cae cheesey cteves1 sh cchifo. oer alayiaera, sisi'ese's\a-e=sosus eis I2mo, 
MISCELLANEOUS. 
De Fursac’s Manual of Psychiatry. (Rosanoff and Collins.)....Large 12mo, 
Emmons’s Geological Guide-book of the Rocky Mountain Excursion of the 
International Congress of Geologists.............-+.0005 Large &vo, 
MemrelopPopularebreatise Omut le WAS. cateic cele «ran 1+ nieiclel esl choieie eile oy 8vo 
Haines’s American Railway Management. ...........00ececessseuee I2mo, 
Mott’s Fallacy of the Present Theory of Sound ..................... 16mo, 
Ricketts’s History of Rensselaer Polytechnic Institute, 1824-1894..Small 8vo, 
Rostoski's SerummDiagnosisn (Bolduan.). 0.5 cc aes eerie san: I2mo, 
Rotherham’s Emphasized New Testament... ...........+--00205 Large 8vo, 
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Steel’s Treatise on the Diseases of the Dog.............. ansgekolites «feet ats 8vo, 


The: World’s Columbian Exposition of 1803". 3. 0... «> wistestte alee 4to, 
Von Behring’s Suppression ot Tuberculosis. (Bolduan.),............ I2mo, 
Winslow’s Elements of Applied Microscopy iki ractirastloaath tos neta i2mo, 


Worcester and Atkinson. Small Hospitals, Establishment and Maintenance; 
Suggestions for Hospital Architecture: Plans for Small Hospital.12mo, 


HEBREW AND CHALDEE TEXT-BOOKS. 


Green’s Elementary Hebrew Grammar............0.ceccecceeceeces I2mo, 
Hebrew iChrestomiathiy. 2h ccsce ie mc) astere eee eines poicicte scree se ee cane eee 8vo, 
Gesenius’s Hebrew and Chaldee Lexicon to the Old Testament Scriptures. 
Treg ethes PRRs Meta e stark whateva ets Rise tee Small 4to, half morocco, 
Letteris’si Hebrew Biblesievs¢ «6.616 oe «sia vneens TS ee Srakake Oe a lad vlate ee ONOF 
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